


COVER ART:
A collage of images representing the
Space Science Division’s search for life in,
and the understanding of, the universe.

Images:
-Hubble Space Telescope picture of
nebula NGC 3603.

-Fertilized human egg.

(Artwork:  James Schilling)

GRAPHICS AND PRODUCTION:

James Schilling
ManTech International Corporation



National Aeronautics and
Space Administration

Ames Research Center
Moffett Field, CA 94035-1000

 Space Science Division
2000 Annual Report





32000 Annual Report

TABLE OF CONTENTS
 I n t r o du c t i o n I n t r o du c t i o n

SPACE SCIENCE DIVISION (SS)SPACE SCIENCE DIVISION (SS)

Division Overview
Donald L. DeVincenzi        6

 B r a n ch  Ov e r v i ew s  a nd  S e l e c t e d  R e s e a r c h  R epo r t s B r an ch  Ov e r v i ew s  a nd  S e l e c t e d  R e s e a r c h  R epo r t s

ASTROPHYSICS BRANCH (SSA)ASTROPHYSICS BRANCH (SSA)

Astrophysics Branch Overview
Jesse Bregman        9

Identifying Polycyclic Aromatic Hydrocarbons In Space
Jesse Bregman and Pasquale Temi        10

The AIRES Far Infrared Detector Array
Edwin Erickson, Jessie Dotson, Jam Farhoomand, and Christopher Mason        11

The World’s Largest Grating
Michael R. Haas, James A. Baltz, Edwin F. Erickson, Emmett I. Quigley, and David C. Scimeca        12

The SOFIA Water Vapor Monitor
Thomas L. Roellig, Robert Cooper, Brian Shiroyama, Regina Flores, Lunming Yuen, and Allan Meyer        14

Ames New Interstellar Simulation Chamber
Cavity Ring Down Spectroscopy of Interstellar Organic Materials
Farid Salama, Ludovic Biennier, Robert Walker, Lou Allamandola, Jim Scherer, and Anthony O’Keefe        16

ASTROBIOLOGY TECHNOLOGY BRANCH (SSR)ASTROBIOLOGY TECHNOLOGY BRANCH (SSR)

Astrobiology Technology Branch Overview
Mark Kliss        19

Advanced Life Support Power Reduction
Cory K. Finn        20

Solid-State Compressor for Space Station Oxygen Recovery
John Finn        21

Development of a Waste Processing Incinerator for Life Support
John W. Fisher        23

Development of the Vapor Phase Catalytic Ammonia Removal Process
Michael Flynn and Bruce Borchers        25

Protein Nanotechnology
Jonathan Trent        27



Space Science Division4

Table of Contents

PLANETARY SYSTEMS BRANCH (SST)PLANETARY SYSTEMS BRANCH (SST)

Planetary Systems Branch Overview
Bruce Smith 29

Particle-Gas Dynamics In The Protoplanetary Nebula
J.N. Cuzzi, R.C. Hogan, and A.R. Dobrovolskis 30

Planetary Rings
J.N. Cuzzi, I. Mosqueira, M. Showalter, and F. Poulet 31

Vortex Evolution in a Protoplanetary Disk
Sanford Davis 33

Liquid Water On Present Day Mars?
Robert M. Haberle 35

The Center For Star Formation Studies
D. Hollenbach, K.R. Bell, and G. Laughlin 35

The Formation And Dynamics Of Planetary Systems
Gregory Laughlin 37

Stability Of Upsilon Andromedae’s Planetary System
Jack J. Lissauer and Eugenio Rivera 38

The Organic Refractory Material In The Diffuse Interstellar Medium:
Mid-IR Spectroscopic Constraints
Yvonne J. Pendleton and Louis J. Allamandola 38

Cratering Rates On Synchronously Rotating Satellites
Kevin Zahnle and Paul Schenk 39

EXOBIOLOGY BRANCH (SSX)EXOBIOLOGY BRANCH (SSX)

Exobiology Branch Overview
David Blake 41

A Greenhouse Collaboratory
Brad Bebout and Richard Keller 42

CHEMIN:  A Mineralogical Instrument For Mars Exploration
David F. Blake 44

Sugar-Related Compounds In Meteorites
George Cooper, Novelle Kimmich, Josh Sarinana, Katrina Brabham, Laurence Garrel, and Warren Belisle 45

Effects Of Distrubance On Microbial Communities
Ken Cullings 48

Carbon Nanotube Deposition And Growth Technique
Lance Delzeit 49

Structure And Functions Of Protocells
Andrew Pohorille and Michael A. Wilson 50

Microbial Ecosystem Structure
Lee Prufert-Bebout 52

Ringdown Cavity For Isotopic Ratio Measurements Of Carbon And Oxygen
Todd Sauke and Joe Becker 53

Prebiotic Peptide Synthesis
Arthur L. Weber 54



52000 Annual Report

Table of Contents

  B i b l i o g r a p h yB i b l i o g r a p h y

Space Science Division 2000 Bibliography 55

 P e r s o n n e l P e r s o n n e l

Space Science Division Personnel 77



Space Science Division6
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Space Science Division (SS) Overview

The Space Science Division at NASA’s Ames Research Center conducts research and mission-
related activities that are structured around the study of the origins and evolution of stars,
planetary systems, and life, and that address some of the most fundamental questions pursued by

science, questions that examine the origin of life and our place in the universe, and questions that lie at the
heart of the emerging discipline of Astrobiology.

Ames is recognized as a world leader in Astrobiology, defined as the study of life in the universe and the
chemical and physical forces and adaptations that influence life’s origin, evolution, and destiny. In pursu-
ing this primary Center mission in Astrobiology, scientists in the Space Science Division perform pioneer-
ing basic research and technology development to further fundamental knowledge about the origin,
evolution, and distribution of life within the context of cosmic processes. To accomplish this objective the
Division has assembled a multidisciplinary team of scientists including astronomers, astrophysicists,
chemists, microbiologists, physicists, and planetary scientists. It also requires access to the space environ-
ment, since many of the critical data needed to elucidate the evolutionary steps outlined above are only
available in space in star-forming regions, in the interstellar medium, and in and around planetary envi-
ronments.

Major elements of the Space Science Division’s program include the study of the interstellar gas and dust
that form the raw material for stars, planets, and life; the processes of star and planet formation; the
evolution of planets and their atmospheres; the origin of life and its early evolution on the Earth; the search
for past or present life throughout the solar system with emphasis on Mars; and advanced technologies for
robotic and human exploration of space.

Space Science Division personnel participate in a variety of major NASA missions. Division scientists
are/were Investigators, Team Members, or Interdisciplinary Scientists on Pioneer, Voyager, Galileo,
Pathfinder, the Infrared Space Observatory, the Cassini mission to Saturn, Stardust, Mars Global Surveyor,
and the Kuiper Airborne Observatory. Division scientists are also involved in the development of experi-
ments for International Space Station, the Stratospheric Observatory for Infrared Astronomy (SOFIA),
planetary detection with Kepler, Astrobiology Explorer, Pascal Mars Scout mission, the Space Infrared
Telescope Facility (SIRTF), and Next Generation Space Telescope (NGST).

The programs in the Space Science Division are international in scope, ranging from active participation in
international scientific meetings and societies, to collaborative ground-based research projects, to scientific
investigations on international flight missions and projects.

Extensive ties are maintained with the academic community through collaborative research programs and
development of science curricula materials, and additionally, students at all levels represent a significant
component of the Division’s on-site research work force.

The Space Science Division represents a unique resource for NASA’s Astrobiology thrust and for the
Agency’s current and future manned and unmanned missions. The total science and mission capability of
the Space Science Division described here is unmatched by any other NASA Center or national laboratory.
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Donald L. DeVincenzi
Chief, Space Science Division

http://www-space.arc.nasa.gov

The Division is organizationally divided into four Branches named according to the focus areas of the
research conducted by the scientists in those Branches: Astrophysics, Astrobiology Technology,
Exobiology, and Planetary Systems (see Figure 1).

In 2000, the Division employed 79 civil service personnel, approximately 50 of whom are Ph.D. scientists.
This core permanent staff is augmented with approximately 125 non-civil servant scientists and technical
support personnel who are resident in Division facilities through mechanisms such as grants, cooperative
agreements, support contracts, fellowships, visiting scientist positions, and student internships.

It is common for visiting scientists to spend their summer research or sabbatical time in the Division’s
laboratories and facilities. Extensive ties are maintained with the academic community through collabora-
tive research programs and also through the development of science curricula materials. The Space
Science Division is dedicated to fostering greater interest in careers in the sciences and provides unique
opportunities for training the next generation of scientists. Students at all levels – high school, under-
graduate, graduate, and post-doctoral – represent a significant component of the Division’s on-site
research work force. In 2000, approximately 20 National Research Council Postdoctoral Fellows and 10
undergraduate students were resident in the Division. Division personnel also mentored students in the
Astrobiology Academy, a competitive program for college undergraduates to participate in hands-on
research projects here at Ames Research Center.

In the following section of the Annual Report, the research programs of each Branch are summarized.
Within each area, several examples of research topics have been selected (from a total of approximately
130 tasks) for more detailed description. Following that section is a list of publications authored by
Division personnel with 2000 publication dates. Finally, if a particular project is of interest, the personnel
roster that begins on page 77 may be used to contact individual scientists.  ❏
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Figure 1:  Space Science Division Organization Chart
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Astrophysics Branch (SSA) Overview

Scientists in the Astrophysics Branch pursue a wide range of laboratory and observational astronomy
research. The Branch is particularly interested in studying the physical and chemical properties of astro-
nomical phenomena by observing their radiation at infrared (and ultraviolet) wavelengths, beyond the
range of visible light.

Planets, stars, and the interstellar medium of the Milky Way and other galaxies are rich in infrared
spectral features which provide clues to their origins, physics, chemistry, and evolution. SSA researchers
use state-of-the-art laboratories, ground-based, airborne, and space-based observatories to conduct their
research. Astrophysics Branch scientists, engineers, and technicians also play key roles in developing new
NASA space and airborne missions and instruments such as SIRTF, NGST, and SOFIA. The primary
products of the Astrophysics Branch are new observations of the universe and new instrumentation
developed to make these observations.

Jesse Bregman
Deputy Chief, Astrophysics Branch (SSA)
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IDENTIFYING POLYCYCLIC AROMATICIDENTIFYING POLYCYCLIC AROMATIC
HYDROCARBONS IN SPACEHYDROCARBONS IN SPACE
Jesse Bregman and Pasquale Temi

Polycyclic aromatic hydrocarbon (PAH) molecules are the most abundant family of molecules in the
interstellar medium after molecular hydrogen and carbon monoxide, and contain about 10% of all the
interstellar carbon. They are extremely tough molecules, are a component of meteorites, and thus
were likely delivered to the early earth where they may have played an important role in the forma-
tion of life. Until recently, the only way to study PAHs in the interstellar medium by examining their
emission spectrum. PAHs fluoresce when present near sources of bright ultraviolet radiation such as
exits in planetary nebulae and HII (ionized hydrogen) regions. PAH absorption spectra have been
measured in laboratory studies, but these spectra cannot be directly used to determine the mix of
PAHs that occur in the interstellar medium without using complex models. There are enough un-
knowns in the models that definitive statements about the exact nature of the interstellar PAHs has so
far been impossible.

Recently, a spectral database has become available from the Infrared Space Observatory that contains
objects in which we have found the C-H PAH stretch feature (near 3.26 µm) in absorption. Using the
database of isolated neutral PAHs generated by the Ames Astrochemistry Laboratory, we can match
the interstellar feature fairly well with a mixture of PAH molecules. However, the mixture is not
unique and does not tell us which particular PAHs are present in space. This is demonstrated in
Figure 2 which shows two fits to the absorption observed towards the protostellar source S140. The
laboratory database contains only a few PAHs as large as those expected to survive the rigors of the
interstellar medium, so it is perhaps not surprising that a precise match is still not possible. Tech-
niques for obtaining lab spectra of larger PAHs exist, but making large PAHs for lab studies is very
difficult. Once such lab data exist, being able to directly compare lab and interstellar spectra without
using uncertain models could provide the first identification of individual PAHs in space.  ❏

Figure 2:  The spectrum of S140 has been divided by an estimate of the continuum to allow direct
comparison with laboratory data of PAHs. The two panels show different mixtures of laboratory
PAHs (solid lines) plotted on top of the S140 data points.
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THE AIRES FAR INFRARED DETECTOR ARRAYTHE AIRES FAR INFRARED DETECTOR ARRAY
Edwin Erickson, Jessie Dotson, Jam Farhoomand, Christopher Mason

A unique, state-of-the-art array of detectors is being developed as part of AIRES, the Airborne Infra-
red Echelle Spectrometer for SOFIA (the Stratospheric Observatory for Infrared Astronomy). SOFIA is
a Boeing 747 which will carry a 2.7-meter telescope to operating altitudes up to 45,000 feet. It is under
development by NASA and the DLR (German aerospace center). SOFIA is scheduled to begin opera-
tions at Ames in late 2004. AIRES — which is being built at Ames — is the facility spectrometer for
SOFIA. AIRES will measure atomic and molecular spectral lines at far-infrared wavelengths, roughly
30 to 400 times the wavelengths of visible light, to probe physical characteristics of astronomical
sources such as star forming regions and our Galactic center.

Here we describe highlights of the AIRES detector development. Infrared light collected by the SOFIA
telescope will be distributed by the optical system of AIRES to its semiconductor detectors so as to
permit simultaneous separation of different wavelengths in each of 24 imaging picture elements
(pixels) viewing the sky. The detectors will be arranged in a 16x24 rectangular grid with pixels spaced
8 hundredths of an inch apart. Each detector is a chip of antimony-doped germanium mounted in an
integrating cavity and fed with light from the spectrometer by a conical light collector, shown in
Figure 3.

The AIRES optical system and detector assembly will be cooled in a cryostat to a few degrees Kelvin,
as required to achieve the highest possible sensitivity to the infrared radiation collected by the SOFIA
telescope. The detectors convert the light from the spectrometer into electrical signals. These are
amplified and multiplexed by adjacent integrated circuits that route the signals to the data system
outside the cryostat.

These unique multiplexing amplifiers were designed specifically for AIRES by industrial specialists
collaborating with AIRES team members. The device technology was originally developed for SIRTF

Figure 3:  Detail of the AIRES far infrared detector geometry.
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THE WORLD’S LARGEST GRATINGTHE WORLD’S LARGEST GRATING
Michael R. Haas, James A. Baltz, Edwin F. Erickson, Emmett I. Quigley, and David C. Scimeca

The Airborne Infra-Red Echelle Spectrometer (AIRES) is a high-resolution grating spectrometer under
development as a facility science instrument for the Stratospheric Observatory for Infrared As-
tronomy (SOFIA). An echelle is a grating used at a steep angle of incidence relative to the incoming
light beam. The spectral resolution of a grating spectrometer is directly proportional to the projected
length of its grating along this beam and inversely proportional to the wavelength of light being
analyzed. AIRES is designed to measure far-infrared (long-wavelength) spectral lines of molecules
and atoms originating in the interstellar medium. Therefore, AIRES requires a grating significantly
longer than any previously made. In fact, the wavelength range and resolution planned for AIRES
demands the World’s largest grating!

Further, the entire AIRES optical system must be operated at a few degrees Kelvin (near absolute
zero). To minimize problems associated with thermal contraction in this cryogenic environment, to
facilitate diamond machining, and to ensure long-term stability, a monolithic aluminum blank was
chosen. This blank was manufactured from 152-mm thick, aluminum alloy 6061-T651, Type 200
tooling plate. The final blank is 102 mm thick, 267 mm wide, and 1067 mm long with the corners
removed to provide a near-elliptical planform. The blank was light-weighted by cutting triangular-
shaped slots with a wire-electric-discharge machine, which builds less stress into the blank than
conventional milling and has the ability to cut deep slots with small corner radii. The resulting truss-
like structure is symmetric, provides good specific stiffness, and is 70% light weighted. Before final
machining, the blank was heat-treated at 375∞C for two hours and then thermally cycled 7 times
between -200∞C and 100∞C to obtain the required stability.

A groove spacing of 980 microns, an apex angle of 90 degrees, and a blaze angle of 76 degrees were
selected to optimize the packaging and optical performance of the grating at the wavelengths of

(Space Infrared Telescope Facility), but the new circuits are tailored for the wider range of infrared
backgrounds expected on SOFIA. They feature externally programmable gains to accommodate
different observing conditions, and so will be suitable for a variety of SOFIA instruments as well as
some spaceborne instruments. The AIRES team pioneered this development, and has tested several
devices, confirming that their cryogenic noise and gain performance meets AIRES needs.

The entire detector package — detectors, amplifiers, and array assembly — is custom designed and
built, with much of the work done at Ames by the AIRES team. In previous tests the detector
configuration sketched in Figure 3 was shown to work well. During fiscal year 2000, testing of the
amplifiers and design and fabrication of a 2x24 protoflight detector module have made great progress.
This unique detector system, essential for AIRES’ success, is well on its way to achieving its design
performance.  ❏
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interest. This combination of parameters maximizes the spectral resolution for the 63- and 145-micron
neutral oxygen, 157-micron singly ionized carbon, and 205-micron singly ionized nitrogen transitions
arising from the interstellar medium, without adversely effecting performance for other high-priority
transitions.

The grating was ruled under contract with Hyperfine, Incorporated of Boulder, CO, with a fly cutter
using single-point diamond turning on a custom ruling engine. The completed grating is shown in
Figure 4. The light-weighting truss structure is evident along its front edge. Two reflections of the
technician are visible; the front reflection originates on the long, 14-degree groove facets and the rear
reflection originates on the steep, 76-degree groove facets.

To achieve the desired optical performance, the AIRES optical system must have a total root-mean-
square (RMS) wave-front error (WFE) less than 1.5 microns. A detailed error analysis apportioned 0.8
microns RMS WFE to the echelle grating. This WFE includes contributions from both absolute and
periodic errors in groove position, shape, straightness, and fanning, as well as gross deflections of the
blank due to self-weight, tool forces, and variations in thermal contraction. Interferometric tests of the
completed grating measure a WFE of 0.3 microns RMS – much better than required. This implies that
the surface is flat to about one part in 7 million. Other optical tests confirm that the efficiency and
scattered light properties of this grating are acceptable for use in AIRES. The World’s largest echelle
grating has been successfully ruled and tested; the associated opto-mechanics, cryostat, detectors, and
software for AIRES remain under development.  ❏

Figure 4:  The AIRES echelle is the largest monolithic, fully-phased grating in the World.
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THE SOFIA WATER VAPOR MONITORTHE SOFIA WATER VAPOR MONITOR
Thomas L. Roellig, Robert Cooper, Brian Shiroyama, Regina Flores,

Lunming Yue, and Allan Meyer

The Stratospheric Observatory for Infrared Astronomy (SOFIA), a 3-meter class telescope mounted in
a Boeing 747 aircraft, is being developed for NASA by a consortium consisting of the University Space
Research Association, Raytheon E-Systems, and United Airlines. This new facility will be a replace-
ment for the retired Kuiper Airborne Observatory that used to fly out of Moffett Field. As part of this
development, NASA Ames Research Center is providing an instrument that will measure the inte-
grated amount of water vapor seen along the telescope line-of-sight. Since the presence of water vapor
strongly affects the astronomical infrared signals detected, such a water vapor monitor (WVM) is
critical for proper calibration of the observed emission. The design and engineering model develop-
ment of the water vapor monitor is now complete and the hardware to be used in the flight unit is
being fabricated and tested.

The SOFIA water vapor monitor measures the water vapor content of the atmosphere integrated
along the line-of-sight at a 40° elevation angle by making radiometric measurements of the center and
wings of the 183.3 GHz rotational line of water. These measurements are then converted to the
integrated water vapor along the telescope line-of-sight. The monitor hardware consists of three
physically distinct sub-systems:

1)  The Radiometer Head Assembly, which contains an antenna that views the sky, a calibrated
reference target, a radio-frequency (RF) switch, a mixer, a local oscillator, and an intermediate-
frequency (IF) amplifier. All of these components are mounted together and are attached to the
inner surface of the aircraft fuselage, so that the antenna can observe the sky through a micro-
wave-transparent window. The radiometer and antenna were ordered from a commercial vendor
and have been modified at Ames to include an internal reference calibrator. Laboratory tests of
this sub-assembly have indicated a signal-to-noise performance over a factor of two better than
required.

2)  The IF Converter Box Assembly, which consist of IF filters, IF power splitters, RF amplifiers, RF
power meters, analog amplifiers, A/D converters, and an RS-232 serial interface driver. These
electronics are mounted in a cabinet just under the radiometer head and are connected to both the
radiometer head and a dedicated WVM computer (CPU). All of the flight electronics boards have
been fabricated and have been shown through testing to meet their requirements. A small micro-
processor that handles the lowest level data collection and timing has been programmed in
assembly language to collect and co-add the radiometer data and communicate with the software
residing in the WVM CPU.
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Figure 5: The SOFIA Water Vapor Monitor 183 GHz Radiometer Assembly

3)  A dedicated WVM CPU that converts the radiometer measurements to measured microns of
precipitable water and communicates with the rest of the SOFIA Mission and Communications
Control System (MCCS). A non-flight version of this computer hardware has been procured for
laboratory testing and the flight software is under development, with approximately 60% of the
software coded and unit-tested. Proper command and data communications between the Water
Vapor Monitor and the SOFIA MCCS have been demonstrated using an MCCS simulator located
on-site at Ames that has been developed by the SOFIA Project.  ❏
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AMES NEW INTERSTELLAR SIMULATIONAMES NEW INTERSTELLAR SIMULATION
CHAMBER. CAVITY RING DOWN SPECTROSCOPYCHAMBER. CAVITY RING DOWN SPECTROSCOPY
OF INTERSTELLAR ORGANIC MATERIALSOF INTERSTELLAR ORGANIC MATERIALS
Farid Salama, Ludovic Biennier, Robert Walker, Lou Allamandola, Jim Scherer,

and Anthony O’Keefe

A major milestone has just been achieved at Ames. A new facility has been developed to directly
simulate gaseous molecules and ions at the low temperature and pressure conditions of interstellar
space. This laboratory facility -that is unique within NASA- combines the techniques of Supersonic
Free-Jet Expansion Spectroscopy (JES) with the techniques of Cavity Ring Down Absorption Spectros-
copy (CRDS). The principle objective is to determine the spectroscopic properties of large interstellar
aromatic molecules and ions under conditions that precisely mimic interstellar conditions. The aim of
this research is to provide quantitative information to analyze astronomical spectra in support of
NASA’s Space Science and Astrobiology missions, including data taken with the Hubble Space
Telescope.

Understanding the origin, physical properties, and distribution of the most complex organic com-
pounds in the universe is a central goal of Astrophysics and Astrobiology. To achieve this requires
generating and maintaining large carbon-containing molecules and ions under interstellar-like
conditions while simultaneously measuring their spectra under these conditions (i.e., in the gas phase
at very low densities and at very low temperature). As an aside, these organic structures are those that
constitute the building blocks of carbon nanotubes. This has been accomplished by combining three
advanced techniques:  free supersonic jet expansion, low-temperature plasma formation and the
ultrasensitive technique of cavity ring down spectroscopy. The new facility comprises thus a pulsed-
discharge, supersonic slit jet source mounted in a high-flow vacuum chamber and coupled to a cavity
ring down spectrometer. Under these experimental conditions, a beam of argon or helium gas seeded
with polycyclic aromatic hydrocarbon molecules (PAHs) is expended in the gas phase into the cavity
ring down chamber. When the expanding beam is exposed to a high-voltage ionizing electronic
discharge, positively charged ions are formed that are characterized by very low, interstellar-like,
rotational and vibrational temperatures (temperatures of the order of 10 and 100 K respectively are
achieved this way as shown in Figure 6). Recording the cavity ring down signal is a direct measure-
ment of the absolute absorption by the seeding molecules and ions. This is illustrated in Figure 7 that
shows the spectrum of the PAH naphthalene ion (C10H8

+). This unique experimental facility has been
developed in collaboration with Los Gatos Research through a Small Business Innovative Research
(SBIR) contract.

The data shown in Figure 7 can now be used to analyze the astronomical spectra. For example, the
absorption band of the PAH ion C10H8

+ shown in Figure 7 can be directly compared to the absorption
spectrum of the diffuse interstellar bands (DIBs). These bands that contribute to the global interstellar
extinction were discovered eighty years ago and remain an enigma to this day.
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For the first time, the absorption spectrum of large organic molecules and ions can be measured under
conditions that mimic entirely the interstellar conditions.  ❏

Figure 6:  The figure shows the location of the “zone of silence” in a supersonic free jet expansion. The
physical conditions within the boundaries of the “zone of silence” approach interstellar conditions.
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Figure 7:  The CRDS absorption spectrum of the naphthalene cation (C10H8
+) under simulated

interstellar space conditions. The spectrum is obtained when an argon free jet expansion seeded
with naphthalene is exposed to a high-voltage discharge. Note the absorption line of metastable
argon that is used for internal wavelength calibration.
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Astrobiology Technology Branch (SSR) Overview

The Astrobiology Technology Branch supports fundamental research and the development of advanced
technologies in astrobiology as they relate to the exploration of space and understanding life in the uni-
verse. Current branch efforts encompass research and technology development for advanced life support,
utilization of planetary resources, and astrobiology. Advanced Life Support focused research is directed
primarily at physicochemical processes for use in regenerative life support systems required for future
human missions and includes atmosphere revitalization, water recovery, waste processing/resource
recovery, and systems modeling, analysis and controls associated with integrated subsystems operation.
In-Situ Resource Utilization (ISRU) technologies will become increasingly important on every Mars lander
between 2003 and a human mission to Mars. The branch focus is on the development of technologies for
Mars atmosphere acquisition, buffer gas production, and CO2 compression. Research and technology
development for astrobiology includes understanding the physical and chemical limits to which life has
adapted on Earth, the molecular adaptations that have allowed living systems to inhabit extreme environ-
ments, and the application of this knowledge to biotechnology, nanotechnology, and planetary protection.
Researchers in the branch also develop flight experiments and associated hardware for shuttle, ISS, and
unmanned NASA missions.

Mark H. Kliss
Chief, Astrobiology Technology Branch (SSR)
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ADVANCED LIFE SUPPORT POWER REDUCTIONADVANCED LIFE SUPPORT POWER REDUCTION
Cory K. Finn

This research involves modeling of the power and energy usage of regenerative life support systems
suitable for exploring the Moon and Mars. System energy integration and energy reuse techniques are
being investigated, along with advanced control methods for efficient distribution of power and
thermal resources. The high power requirements associated with food production and overall closed
regenerative system operation remain as a critical technological challenge. Optimization of individual
processors alone will not be sufficient to produce an optimized system. System studies must be used
in order to improve the overall efficiency of life support systems.

Designs are being developed that match sources of waste heat, such as crop lighting and solid waste
processing systems, with processes that can use this waste heat, such as water processing, food
processing, food preparation, and heating of shower water, dish wash water or clothes wash water.
Using energy integration techniques, optimal system heat exchange designs are being developed by
matching hot and cold streams according to specific design principles. For various designs, the
potential savings for power, heating and cooling are being identified and quantified, and estimates are
being made of the emplaced mass needed for energy exchange equipment.

Advanced control system designs are also being developed that allow for more efficient distribution
of resources, such as system cooling water or electrical power, in order to reduce system power
requirements. More efficient energy usage can be achieved by allocating power and thermal resources
in a dynamic fashion. Advanced control techniques, such as market-based control, can be used in
order to smooth out system thermal and power loads. Reductions in the peak loading will lead to
lower overall requirements. The controller dynamically adjusts the use of system resources by the
various subsystems and components in order to achieve the overall system goals. A typical system
goal would be the smoothing of power usage and/or heat rejection profiles, while maintaining
adequate reserves of food, water, oxygen, etc., and not allowing excessive build-up of waste materials.
Initially, computer simulation models are being used to test various control system designs. The most
promising of these will be tested using a laboratory-scale life support system testbed at Ames Re-
search Center.

Energy balance models are being developed to support both the energy integration and the dynamic
resource allocation work. These models leverage off of existing mass flow models of regenerative life
support systems developed at Ames Research Center. The heat exchange designs and control schemes
developed as part of this NRA research will be provided to Johnson Space Center for use in the
development of the ALS Systems Integrated Test Bed (also known as BIO-Plex) and in the design of
flight hardware for Moon or Mars missions.
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Currently, energy integration techniques are being applied to the life support problem. Several
potential designs that would be suitable for various Mars missions have been selected for application
of the energy integration analysis. Life support data have been collected, and an optimized heat
exchange design has been developed for each scenario. For each design, the potential savings in
energy and cooling has been estimated.

In addition to the energy integration work, advanced control system designs are being developed that
allow for more efficient distribution of electrical power. A dynamic model of the BIO-Plex air loop has
been created and serves as a platform for the development of active power management strategies.
Several resource allocation objectives have been defined and tested. One objective that was considered
was to reallocate power as needed to the various life support processors to eliminate surges in power
usage over time. However, the reallocation of power was subject to constraints. For example, material
storage levels needed to be maintained, as well as atmospheric conditions within the life support
chambers. This power management system has been demonstrated using the simulation model and
performed reasonably well. A second objective that has been and continues to be investigated is to
smooth the demand for power throughout the system over time.  ❏

SOLID-STATE COMPRESSOR FOR SPACE STATIONSOLID-STATE COMPRESSOR FOR SPACE STATION
OXYGEN RECOVERYOXYGEN RECOVERY
John Finn

At present, the life support system on the International Space Station Alpha vents overboard the
carbon dioxide produced by the crew members. Recovering the oxygen contained in the CO2 has the
potential to reduce resupply mass by 2000 pounds per year or more, a significant weight which might
instead be used for experiment payloads and other valuable items. The technologies used to remove
CO2 from air and to recover O2 from CO2 are flight-ready. However, the interface between the devices
is a problem for the Space Station system. NASA Ames has developed a new technology that solves
the interface issue, possibly allowing for the first time closure of the oxygen loop in a spacecraft.

The relevant part of the air revitalization system is shown in Figure 8. CO2 produced by the crew is
removed in the Carbon Dioxide Removal Assembly, or CDRA. This device effectively produces a pure
CO2 stream, but at a very low pressure. Elsewhere the oxygen generation system, which makes O2 by
electrolyzing water, produces a hydrogen stream. In principle the CO2 and H2 can react to form
methane (CH4) and water (H2O) over a suitable catalyst. Water produced in this methane-formation
reactor can be returned to the water electrolyzer, where the O2 can be returned to the cabin. However,
the methane-formation reactor requires CO2 at a much higher pressure than that produced by the
CDRA. Furthermore, the CO2 and H2 are often not available at the same time, due to power manage-
ment and scheduling on the space station. In order to get the CO2 to the reactor at the right pressure
and at the right time, a device or assembly that functions as a vacuum pump, compressor, and storage
tank is required.
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One obvious solution to this problem is to use a mechanical vacuum pump/compressor combined with
a high-pressure buffer tank. This has implementation problems, however. The rapidly moving parts of
a mechanical compressor wear out relatively quickly, requiring frequent maintenance or replacement.
The mechanical compressor can add noise and vibration to the sensitive station environment, unless
large amounts of insulating material is provided. There is so little space available for the buffer tank
that the compression ratio would have to be quite high. Finally the power required to compress the
CO2 to high pressure is considered very high for the power-limited Space Station.

The solution being developed by NASA Ames engineers uses a technique they originally developed for
compressing the very low pressure Mars atmosphere so that it could be used in an in situ propellant
production plant. The compressor uses a temperature-swing adsorption cycle and has no rapidly
moving parts. Low-pressure CO2 from the CDRA is adsorbed in a cool cylinder containing a sorbent
material that has a high capacity for CO2. In this step, the device acts like a vacuum pump. Next, the
cylinder stays in a standby mode until the CO2 is required; i.e., the device acts like a storage tank.
Finally, the cylinder is heated and the CO2 is driven off the sorbent, producing CO2 at a high pressure.
The compressed CO2 flows into the methane-formation reactor. Coolant from the Space Station’s
thermal control system cools the cylinder back to its initial state, and the process is repeated. Several
such cylinders are combined in the device. They operate out of phase from each other, so that there is
always a “vacuum pump” and a “compressor” available whenever they are needed by the processors
on either side.

A single-bed prototype solid-state compressor was built at Ames and successfully tested with a high-
fidelity CDRA at NASA Marshall Space Flight Center in 2000 (Figure 9). The temperature-swing
adsorption compressor uses much less power than the mechanical compressor system and has far
fewer parts. Its lifetime is estimated at ten years. It is free of vibration and noise, and is also smaller
and lighter than its counterpart.  ❏

Figure 8:  Carbon dioxide removal, carbon dioxide reduction, and oxygen generation planned for
the International Space Station (methane-formation is not yet implemented). The compressor
would be placed between the carbon dioxide removal and methane-formation reactor assemblies.
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Figure 9:  Single-bed prototype of a NASA Ames solid-state compressor.

DEVELOPMENT OF A WASTE PROCESSINGDEVELOPMENT OF A WASTE PROCESSING
INCINERATOR FOR LIFE SUPPORTINCINERATOR FOR LIFE SUPPORT
John W. Fisher

As space missions become longer, waste treatment on a space craft transitions from storage to recla-
mation of items such as activated carbon and carbon dioxide. Activated carbon and carbon dioxide
can be reclaimed from hydrocarbon wastes such as paper, food scraps, and inedible plant biomass.
Inedible plant biomass is produced when plants are grown in space to produce food. Growing plants
consume carbon dioxide, and burning the inedible parts of a plant produces carbon dioxide that can
be used to grow more plants. Unfortunately the process of burning, combustion, produces some toxic
byproducts. One of the objectives of Ames’ research on waste processing is to develop technology to
burn waste and reclaim carbon dioxide without releasing toxic materials into the spacecraft.
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The combustion process generally does well at completely oxidizing biomass to carbon dioxide and
water. This is obvious from observation of the results of a typical wood fire. Only a small residue of
inorganic substances, ash, is left in a fireplace after burning wood. The process of combustion of
biomass in an incinerator operates in a similar way; the biomass is converted to gaseous products and
inorganic ash. However, combustion in a fireplace typically takes place with wide fluctuations in
temperature and composition as a function of time and position in the burning zone. Efficient com-
bustors reduce the combustion fluctuation and achieve cleaner burning.

Fluidized combustion is a technology that provides good control of the combustion process and
minimizes contaminants due to incomplete combustion.  A fluidized bed consists of a bed of solid
particles such as sand that behaves as a fluid. The fluidization occurs because a gas such as air is
blowing up through the bed and causing the particles of the bed to float. Because sand is much denser
than air, the bed holds much more heat energy than an equivalent amount of air. The heat energy held
by the bed buffers the combustion process against the wide fluctuations in temperature that cause
incomplete combustion.

Even in the best of combustors, however, some unoxidized material remains. In addition, some
contaminants such as nitrogen and sulfur oxides are necessarily formed. In recent years Ames’
research has focused on means to eliminate these byproducts. One approach has been to use reductive
catalytic systems to convert the nitrogen and sulfur oxides to nitrogen and elemental sulfur – innocu-
ous materials at room temperature. Oxidative catalysts can then oxidize the remaining hydrocarbon
contaminants to very low levels.

In collaboration with outside university and corporate organizations Ames has developed and tested
an integrated incineration system that utilizes a fluidized bed combustor followed by a catalytic
cleanup system. This system has demonstrated the ability to burn inedible biomass and produce a
very clean carbon dioxide product. The concentration of contaminants in the gas exiting the incinera-
tor is generally less than a few parts per million. Except for the carbon dioxide itself (toxic to humans
at high concentrations), the exit stream from the incinerator will be able to meet the Space Maximum
Allowable Contaminant (SMAC) standards for clean air in a spacecraft.

When this system has been optimized for reliability and energy efficiency, it will be ready for testing
in an advanced life support system that “closes the loop” on carbon. Carbon will travel in the system
from plant to person to incinerator and back to the plant without ever becoming a stored waste.  ❏
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DEVELOPMENT OF THE VAPOR PHASE CATALYTICDEVELOPMENT OF THE VAPOR PHASE CATALYTIC
AMMONIA REMOVAL PROCESSAMMONIA REMOVAL PROCESS
Michael Flynn and Bruce Borchers

The Vapor Phase Catalytic Ammonia Removal (VPCAR) system technology represents the next
generation in space flight water recovery systems. Water is the single largest resupply requirement
associated with human space flight, accounting for 87% by mass of an astronaut’s daily metabolic
requirement. The VPCAR system achieves a mass metric almost an order of magnitude better than the
current state of the art water processors. (Mass metric is a technique used to compare candidate
technologies by reducing all performance parameters into a single equivalent launch mass metric.)
Incorporating the VPCAR technology into human space flight missions could potentially save hun-
dreds of millions of dollars in resupply costs, depending on the specific mission scenario. As a result,
a human-rated version of the VPCAR technology has been authorized for development.

The human-rated system is being developed under contract to Water Reuse Technology (NAS2-
00089). This is an external contract for the development and testing of the next generation VPCAR
technology. We are currently about 1/2 way through a two year contracted development program.
This activity is funded through Advanced Life Support program funds and a NASA peer reviewed
NRA (00-HEDS-01)

Process Description
The VPCAR process is a two-step distillation based water processor. The current configuration of the
technology is shown in Figure 10. A process flow diagram is provided in Figure 11. The VPCAR
process is characterized by the use of a wiped-film rotating-disk (WFRD) vacuum evaporator to
volatilize water, small molecular weight organics, and ammonia. This vapor stream is then oxidized
in a vapor phase catalytic reactor to destroy any contaminants. The VPCAR process uses two catalytic
beds to oxidize contaminants and decompose any nitrous oxide produced in the first bed. The first
catalytic bed oxidizes organics to carbon dioxide and water, and ammonia to nitrous oxide and water.
This oxidation reactor contains 1% platinum on alumina pellets and operates at about 523 K. The
second catalytic bed reduces the nitrous oxide to nitrogen and oxygen. This reduction catalyst con-
tains 0.5% ruthenium on alumina pellets and operates at about 723 K. The reactor and distillation
functions occur in a single modular process step. The process achieves between 97-98% water recov-
ery and has no scheduled maintenance or resupply requirements for a minimum of three years.

The VPCAR activity is significant in that it represents the development of the next generation of life
support water recovery technology. Ames Research Center’s involvement has spanned from the first
principle definition to the model development, bench-scale and lab-scale prototype development, and
most recently, contract management of the development of a human-rated version of the technology
for evaluation for space flight application.  ❏
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Figure 10:  Vapor Phase Catalytic Ammonia Removal (VPCAR) water recycling system.

Figure 11:  VPCAR Flow Diagram
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PROTEIN NANOTECHNOLOGYPROTEIN NANOTECHNOLOGY
Jonathan Trent

In support of NASA’s efforts to make missions “faster, better, and cheaper” there is a growing need
for the development of smaller, stronger, and ‘smarter’ scientific probes compatible with space
exploration. The necessary breakthroughs in this area may well be achieved in the revolutionary field
of nanotechnology. This is technology on the scale of molecules, which holds the promise of creating
devices smaller and more efficient than anything currently available. While a great deal of exciting
research is developing around carbon nanotubes-based nanotechnology, we at NASA Ames Research
Center are also exploring biologically inspired nanotechnology.

The biological ‘unit,’ the living cell, may be considered the ultimate nano-scale device. Cells, which
are constructed of nano-scale components, are extremely sensitive, highly efficient environmental
sensors capable of rapid self-assembly, flawless self-repair, and adaptive self improvement; not to
mention their potential for nearly unlimited self-replicate. Ames is focusing on a major component of
all cells (proteins) that are capable of self-assembling into highly ordered structures. A protein known
as HSP60 is currently being studied that spontaneously forms nano-scale ring structures (Figure 12A,
end view; B, side view), which can be induced to form chains (Figure 12C) or filaments (Figure 12D).

By using thermostable HSP60s, highly efficient methods have been developed for purifying large
quantities of these proteins and by using the ‘tools’ of molecular biology, their composition and
structure-forming capabilities are being currently modified.

For example, by removing a small fragment of the HSP60 protein, protein rings are produced that do
not form chains or filaments, but continue to form rings that spontaneously assemble into highly
ordered hexagonally-packed arrays (Figure 13A).

 By further modifying each of these proteins so they bind metal atoms, these proteins can be used as a
template to create an ordered pattern of metal on a surface with nanometer spacing. Ultimately the
hope is to use such ordered arrays of metal to manufacture nano-scale electronic devices. Similarly,
metal binding to proteins that form filaments (Figure 13B) may be used to create self-assembling
nano-scale wires, which may someday be used to produce self-assembling circuits.

There are many potential applications for protein-based nanotechnology applicable to the production
of smaller, stronger, and ‘smarter’ probes for NASA or more generally for applications in electronics
and medicine. The combination of nanotechnology, information technology, and biotechnology at
NASA Ames Research Center provides an excellent research environment for biologically-inspired
nanotechnology. Analytical capabilities in nanotechology provide essential tools for determining
structure and function of protein-based systems. Supercomputing in information sciences provide
capabilities essential for molecular simulations and biomolecule visualizations. Biotechn ology
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Figure 12:  Protein rings (A end view, and B side view), chains of rings
(C), and bundles of chains (D) that can be used in nanotechnology.

Figure 13:  Modified proteins form hexagonally packed rings (A) or metal-containing protein filaments (B).

provides the methodological basis for the genetic engineering essential for modifying and
functionalizing protein structures. The goal is to establish the feasibility of creating useful protein-
based nanostructures with applications for NASA and other critical areas of technology.  ❏
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Planetary Systems Branch (SST) Overview

The overall research effort in the Planetary Systems Branch is directed at acquiring new, fundamental
knowledge about the origins of stars and planetary systems and life itself. These studies are an integral
part of NASA's overarching thrust in Astrobiology. Principal research programs include studies of the
formation of stars and planets and the early history of the solar system, studies of planetary atmospheres
and climate, investigation of the dynamics of planetary disks and rings, work on problems associated
with the Martian surface including resource utilization and environments for the origin of life, and other
programs (chiefly theoretical) involving stellar and planetary dynamics, radiative processes in stars and
the interstellar medium, and investigation of the physical and chemical conditions in molecular clouds
and star formation regions. Scientists in the branch also support NASA flight missions through
participation on various mission science teams. The primary product of the Branch is new knowledge
about the nature of the universe, presented and published in the open literature.

Bruce F. Smith
Deputy Chief, Planetary Systems Branch (SST)
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PARTICLE-GAS DYNAMICS IN THEPARTICLE-GAS DYNAMICS IN THE
PROTOPLANETARY NEBULAPROTOPLANETARY NEBULA
J.N. Cuzzi, R.C. Hogan, and A.R. Dobrovolskis

“Primitive”or unmelted asteroids, from which the planets were built, are represented in the meteorite
record as a vast data set that has had little context for interpretation. The accretion of these primitive
bodies from small grains and mm-sized, melted ‘’chondrules” almost certainly occurred in the presence
of gas. Study of this stage is complicated by the feedback effects of the gas on the particles, and vice
versa. Ames’ efforts focus on numerical modeling of particle-gas interactions in turbulent flows, and
understanding meteorite properties in the light of theoretical models.

Ames’ “turbulent concentration” theory (TC), introduced several years ago, shows how particles of a
specific size/density combination are concentrated by orders of magnitude in weak nebula turbulence.
The theory makes specific predictions as to the relative abundance distribution of the concentrated
particles. Predictions of the shape of the size distribution are in very good agreement with observed
particle size distributions in primitive chondrites, thus revealing the fingerprints of TC. We developed a
multifractal theory to predict the magnitude of turbulent concentration at much higher Reynolds
numbers than achievable numerically, but the concentration factor can be so large that the local particle
mass density can exceed that of the gas, and the feedback effect of the particle phase on damping the
gas turblence must be considered before further modeling efforts can proceed. To better understand the
effects of heavy mass loading on turbulence and TC, we are developing a cascade model of the process
which is capable of reproducing the way concentrations of particles emerge as energy flows down the
turbulent cascade, or inertial range. The cascade model is parametrized by partition functions or
“multipliers” which are only statistically defined, but whose probability distribution function can be fit
to our numerical results for mass-loaded turbulent fluids. That is to say, the multipliers appropriate for
densely particle-enriched regions where the turbulent kinetic energy and/or vorticity might be
damped, could be different from the multipliers in “normal” regions where mass loading is negligible.
We are now determining the dependence of these multipliers on the local gas and/or particle density
properties, making extensive use of new runs of a scalar field particle code (rather than the previous
Lagarangian particle code) on the Ames Origins 2000 facility.

This year, Ames researchers also developed a scenario to help explain a new phenomenon found in
chondritic meteorites by collaborators at Stanford and the University of Hawaii. The observation is an
abundant class of Iron-Nickel metal grains with chemical and crystallographic properties that define
their growth and cooling times simultaneously. The scenario developed visualizes a very hot, early,
perhaps inner stage of the protoplanetary nebula, rather different from the environment in which more
familiar chondrites form. In this dense, hot region, strong convection plumes rise towards the surface of
the nebula, cooling and condensing small metal and silicate particles much as raindrops or hailstones
condense in upwelling thunderstorm plumes on Earth. Some fraction of these objects are dispersed
outwards to cooler regions before being downdrafted again to their destruction. While the theory is
adequate to explain some properties of these unique meteorites, it is clear that deeply puzzling aspects
remain unexplained.  ❏
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PLANETARY RINGSPLANETARY RINGS
J.N. Cuzzi, I. Mosqueira, M. Showalter, F. Poulet

In addition to the natural curiosity inspired by their exotic appearance, planetary rings present a
unique dynamical laboratory for understanding the properties of collisional particle disks which
might help us understand the accretion of the planets. Ames scientists are involved in a number of
different aspects of planetary ring studies.

An ongoing Hubble Space Telescope (HST) program to observe the rings while they “open up” as
seen from Earth over the last five years (see Figure 14) has produced over 100 images in a variety of
filters. Analysis of these images using a newly developed surface scattering code has led us to the
conclusion that the increasing redness of the rings which we found occurs as the angle between the
Sun and Earth increases, is caused by unusually rough surfaces on the ring particles. This supports
the concept that a ring “particle” is actually an ensemble or aggregation of smaller “particles” - a
lumpy snowman-like of fractal structure. Further analysis will help us gain insight into how this
structure varies across the rings, on scales that can never be observed directly (tens of meters or less).
In addition, this modeling and analysis has established that the abrupt brightening of the rings as the
Sun-ring-Earth angle gets very small, which has been previously ascribed to the disappearance of
shadows, is more likely due to optical interference effects within the grainy surface of individual
particles. This result helps us reconcile the brightening with dynamical expectations that the ring
particles are collapsed into a fairly thin, dense layer due to inelastic collisions rather than being many
particles thick as had been previously thought. We also hunted down a discrepancy between Voyager
and HST color observations of the rings, tracing it to an incorrect Voyager calibration. We can now
compare Voyager and HST color data directly, and find that the two data sets are in very good agree-
ment from the standpoint of spatial color variations. We find that variations of color, which trace out
particle compositional variations, vary with radius and ring opacity in a way that is quite unusual
and will be addressed in future analysis.

The systems of large (and small) regular moons that orbit the gas giant outer planets have always
been cited as “solar systems in miniature” but their own origin has remained a puzzle. One recent
area of interest is the two outer Galilean moons of Jupiter (Ganymede and Callisto), which are of very
similar mass and size, yet have very different internal structure. We have developed a two-stage
accretion scenario, which postulates a long-lived, secondary accretion stage only for Callisto involving
debris which forms in a very extended disk of material extending far out beyond the boundaries of
the current satellite system. A small amount of gas remaining in this disk causes solid material to drift
slowly inwards onto the outermost moon, accreting without providing much heating. In addition, a
study of the thermal internal evolution of a realistic Callisto was carried out, including ice phase
change boundaries and plastic ice convection, showing that a sufficiently slow accretion rate would
indeed preclude melting of the icy component and prevent complete differentiation of the icy and
rocky material.
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Ames maintains the Planetary Data System’s Rings Node (http://ringmaster.arc.nasa.gov/), which
archives and distributes ring data from NASA’s spacecraft missions and from Earth-based observato-
ries. We now have on line the entire archive of images from the Voyager missions to the giant planets,
with catalogs to help users find the images they need. We have also produced interactive search and
geometrical visualization utilities to assist Cassini scientists in planning observations of the rings
during the upcoming tour (2004-2008). Ames also provides the Cassini project with the Interdiscipli-
nary Scientist for Rings and Dust, who chaired the Rings Discipline Working Group this year as it
worked through initial ring science sequence planning.  ❏

Figure 14:  HST observations of Saturn since 1996, during which time the ring opening angle
has increased from about 4 degrees to about 24 degrees. Data of this quality is available to us
in over eight color filters. Voyager data is of higher spatial resolution, but only three filters
are available - fortunately they are nearly identical to three of the HST filters.
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VORTEX EVOLUTION IN A PROTOPLANETARY DISKVORTEX EVOLUTION IN A PROTOPLANETARY DISK
Sanford Davis

The theory that planets form from a thin disk of dust and gas was first proposed in the 18th Century
and is now a generally accepted fact. The process by which planets actually emerge from this tenuous
state is a subject of intense current study. Recent research points to vortex motion as a possible inter-
mediary where dust particles are captured, concentrated, and finally accumulated by gravitational
attraction. These mass accumulations gradually grow to kilometer-sized objects (planetesimals) and
ultimately to full-sized planets. Assuming that the disk can support a turbulent flow, it was shown
that vortices arise naturally and persist as long as turbulent energy is present. Other possibilities are
that vortices arise from certain instabilities in the rotating disk or from external impacts of clumpy
infalling gas. In either case, coherent vortices could lead to important and far-reaching processes in
the protoplanetary disk.

A research study is underway to determine the effect of vortices on the wave structure in a typical
disk which may also play a role in the planet-formation process. It is well known that discrete vortices
in a sheared flow do not retain their coherence. This coherence time depends on the local shear rate,
the strength, and the size of the vortex. During the shearing epoch, and depending on the nature of
the medium, a vortex can emit a variety of wave systems. In this study, the equations of motion have
been simulated using a high-resolution numerical method to track Rossby and acoustic/shock waves.
Rossby waves are slowly moving waves of vorticity generated in flows with large-scale vorticity
gradients. Acoustic waves are waves of expansion and contraction that occur in all compressible
media. The protoplanetary disk is a rotating compressible gas with a radially variable rotation rate. It
can support both wave systems.

A typical result from the simulation is shown in Figure 15. It is a sequence of snapshots of the per-
turbed vorticity defined as the difference between the total vorticity and the baseline flow. This
baseline flow is a Keplerian flow (rotational velocity = const x (radius)-1/2) and the initial vortex is
shown in the third quadrant in Figure 15(a). The vortex becomes elongated about its initial location at
r = 4 (blue-red streaks on the white circle in Figure 15(b)) and both inward and outward-bound
counterclockwise spiral vorticity waves are spawned. The outward-bound waves evolve to an
axisymmetric wave pattern (“circularization”) with shock waves (Figure 15(d)). It is interesting that
the vortex-induced waves can induce a supersonic radial flow. Another wave system (Rossby waves)
appears in the region r < 10. The shock waves are axisymmetric while the Rossby waves have a cosine
angular dependence. Each wave system has a characteristic radial speed.

In follow-up work we will augment the numerical simulations with particle and/or granular gas
models to examine the effect of these vorticity-induced waves on particle migration, accumulation,
and (possibly) planetesimal formation.  ❏
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Figure 15:  Perturbation vorticity bitmaps showing density (shocks) and Rossby waves. (a)-(d):  0, 16, 32,
and 48 vortex revolutions respectively.
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LIQUID WATER ON PRESENT DAY MARS?LIQUID WATER ON PRESENT DAY MARS?
Robert M. Haberle

Near surface environmental conditions on Mars today are generally considered inadequate to permit
liquid water to exist in equilibrium with the atmosphere. Mean annual temperatures are about 50-60 K
below the melting point, and mean annual surface pressures are very close to the triple point. Yet there
are localized regions where for a few hours out of the day at the right time of year surface tempera-
tures and pressures meet the minimum requirements for the existence of liquid water:  pressures and
temperatures above the triple point of water, but below the boiling point

That such conditions do in fact exist was determined using a validated General Circulation Model. The
model predicts where and for how long liquid water could exist each Martian year. For pure liquid
water the model predicts that there are five regions where liquid water might occur:  between 0° and
30° N in the plains of Amazonis, Arabia, and Elysium; and in the Southern Hemisphere impact basins
of Hellas and Argyre. The combined area of these regions represents 29% of the planet’s surface area.
In the Amazonis region, these requirements are satisfied for a total integrated time of 37 sols each
Martian year. In the Hellas basin, the number of degree-days above zero is 70, which is well above
those experienced in the dry valley lake region of Antarctica.

Whether liquid water ever forms in these regions depends on the availability of ice and heat, and on
the evaporation rate. The latter is poorly understood for low-pressure CO2 environments, but is likely
to be so high that melting occurs rarely, if at all. However, even rare events of liquid water formation
would be significant since they would dominate the chemistry of the soil, and would have biological
implications as well.

Interestingly, these regions are remarkably well correlated with the location of impact craters that
appear to have been filled with lakes at some time in the past. Approximately 86% of the more than 100
impact crater lakes lie within the model-predicted regions where conditions for liquid water are
favorable. The lakes do not exist today, but appear to have existed within the last several billion years,
and some appear to have existed within the last several hundred million years. The reason for this
amazing correlation is not known.  ❏

THE CENTER FOR STAR FORMATION STUDIESTHE CENTER FOR STAR FORMATION STUDIES
D. Hollenbach, K.R. Bell, and G. Laughlin

The Center for Star Formation Studies, a consortium of scientists from the Space Science Division at
Ames and the Astronomy Departments of the University of California at Berkeley and Santa Cruz,
conducts a coordinated program of theoretical research on star and planet formation. The Center,
under the directorship of D. Hollenbach (NASA Ames), supports postdoctoral fellows, senior visitors,
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and students, meets regularly at Ames to exchange ideas and to present informal seminars on current
research, hosts visits of outside scientists, and conducts a week-long workshop on selected aspects of
star and planet formation each summer.

In June 2000 the Center worked together with researchers from the Arcetri Observatory (Florence,
Italy) to hold an international workshop entitled “High Mass Star Formation:  An Origin in Clusters”
The weeklong workshop, held in Volterra, Italy, had approximately 175 attendees, and included an
invited talk by D. Hollenbach on “Star Formation and the Fluctuating Ultraviolet Field in the Galaxy.”

One focus of the NASA Ames portion of the research work in the Center in 2000 involved the effect of
ultraviolet radiation from young massive stars on the interstellar medium of a galaxy. The interstellar
medium of a galaxy is the gas and dust which lie between the stars. Most of the gas is hydrogen; the
dust mass is only about 1% of the gas mass. The gas and dust reside in various components, often
characterized by the gas density in the component. The densest and coldest component is the molecu-
lar clouds; this component forms stars..Diffuse clouds are less dense than molecular clouds, they are
primarily cold atomic hydrogen. The warm medium consists of neutral and ionized gas at very low
density and relatively high temperature. The star formation rate in a galaxy depends on the rate at
which molecular clouds can be formed, since only this component forms stars. The molecular clouds
are thought to form by the coalescence of diffuse clouds into opaque, self-gravitating clouds. How-
ever, high rates of star formation leads to high populations of massive stars which radiate copious
ultraviolet flux. The ultraviolet flux in turn heats up the diffuse clouds in the interstellar medium and
transforms them into warm medium. Since warm medium is unlikely to form molecular clouds, the
lack of diffuse clouds cuts off the supply of molecular clouds in a galaxy which cuts off the star
formation rate. This then provides a self-regulation mechanism which controls the rate of star forma-
tion in a galaxy.

Another focus of the Ames portion of the Center research in 2000 involved a collaborative theoretical
study of the conditions which determine whether a collapsing molecular cloud core of gas and dust
gives rise to a single star surrounded by planets or to a binary star system. This work focused on the
realization that the molecular cloud cores that precede star formation can have equilibrium configura-
tions that are non-axisymmetric (lopsided). An analytical study carried out by the Center reported on
the discovery and the properties of a sequence of these unusual egg-shaped equilibrium configura-
tions. The analysis shows that these configurations can collapse in a way that may naturally produce
either binary or single stars, depending on the initial degree of distortion.

The theoretical models of the Center have been used to interpret observational data from such NASA
facilities as the Infrared Telescope Facility (IRTF), the Infrared Astronomical Observatory (IRAS), the
Hubble Space Telescope (HST), and the Infrared Space Observatory (ISO, a European space telescope
with NASA collaboration), as well as from numerous ground-based radio and optical telescopes. In
addition, they have been used to determine requirements on future missions such as the Stratospheric
Observatory for Infrared Astronomy (SOFIA) and the Space Infrared Telescope Facility (SIRTF).  ❏
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THE FORMATION AND DYNAMICS OFTHE FORMATION AND DYNAMICS OF
PLANETARY SYSTEMSPLANETARY SYSTEMS
Gregory Laughlin

In the past year, progress was made in a number of areas bearing on the overall problem of planetary
systems formation and evolution. Specific topics of research have ranged from the earliest stages of
star formation through the long term fate of the Earth, and are described in four peer-reviewed
research papers.

In the present-day solar system, the sun contains 99.9% of the mass, whereas the planets contain the
bulk of the system angular momentum. The clouds of gas and dust which collapse to form star-planet
systems, however, are essentially in uniform rotation. One of the major unsolved puzzles in the theory
of star and planet formation thus involves the detailed mechanism by which mass is transported
inwards onto the protostar while angular momentum is simultaneously pushed outwards. It is
believed that spiral gravitational instabilities play a key role in eliciting angular momentum transport,
but a full description of how spirals grow and operate on a global scale (i.e. throughout the entire
protoplanetary disk) is not understood. Considerable theoretical progress was made in this area by
performing a stability analysis of idealized singular isothermal disks. This research, carried out and
published in collaboration with researchers at UC Berkeley, Arcetri (Italy), and UNAM (Mexico), has
clearly explained the role of the co-rotation amplifier in allowing spiral waves to grow. This in turn
gives us a clearer theoretical picture of the very earliest stages of star and planet formation.

A second line of inquiry has developed a way to constrain the conditions under which our own solar
system formed. The outer giant planets in our solar system all have nearly coplanar, circular orbits.
This orderly configuration indicates that the Sun and the planets have always existed in relative
isolation. Had another stellar system passed within several hundred astronomical units of the Sun,
gravitational perturbations would have scattered the outer planets (particularly Neptune) into highly
eccentric, inclined orbits. An extensive set of Monte-Carlo star-planet scattering calculations has
shown that the solar system likely formed in an aggregate containing fewer than 1500 stars, and thus
was not born in a dense stellar cluster (resembling, say, the Trapezium region in Orion). Primitive
meteorites, however, contain daughter products of extinct radioactive elements which have half lifes
of one million years or less. In order to explain the presence of such short-lived isotopes in meteorites,
it has been proposed that either (1) the pre-solar nebula was enriched by a nearby supernova explo-
sion, or alternately that (2) X-ray flares associated with the nascent sun were able to create radioactive
atoms via processes such as spallation. The new research strongly favors scenario (2), since the
presence of a nearby supernova would imply that the sun formed in a very massive aggregate of
stars, and this possibility is effectively ruled out by the Monte-Çarlo calculations.

A third focus of the research effort examined the emerging correlation between high stellar metallicity
and the detected presence of an extrasolar planet. Now that more than 70 extrasolar planets have been
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found, it is possible to evaluate the emergence of statistical trends. An analysis of volume-limited
samples of stars in the solar neighborhood demonstrated that stars with metal content >50% higher
than solar are 10 times more likely to harbor a short-period planet than the average star in the solar
neighborhood. This finding can be exploited to find extrasolar planets with less effort, thus saving
large amounts of time on instruments such as the Keck Telescope. A catalog of 200 highly metal-rich
stars was compiled, and within 6 months, 5 planets have been detected in this catalog. Two were
found by the Marcy group, two were found by Swiss researchers, and one was found by Ames
researchers (HD 20675b, to be confirmed and announced in Fall, 2001).  ❏

STABILITY OF UPSILON ANDROMEDAE’SSTABILITY OF UPSILON ANDROMEDAE’S
PLANETARY SYSTEMPLANETARY SYSTEM
Jack J. Lissauer, Eugenio Rivera

The objectives of this project are to study the dynamical properties of planetary systems that are
consistent with the observational data on the three-planet system orbiting the nearby main sequence
star Upsilon Andromedae. We find that systems with the planetary masses and orbital parameters
that provide the best fit to stellar radial velocity observations made at Lick observatory through either
February 2000 or July 2000 are substantially more stable than systems with the parameters originally
announced in April 1999. Simulations using the February 2000 parameters are stable for planetary
masses as much as four times as large as the observational lower bounds (which are obtained by
assuming that the Solar System lies in the orbital plane of the Upsilon Andromedae planetary system).
In relatively stable systems, test particles (which can be thought of as representing asteroids or Earth-
like planets that are too small to have been detected to date) can survive for long times between the
inner and middle planets as well as several astronomical units or more exterior to the outer planet,
but we could find no stable orbits between the middle and outer planets.  ❏

THE ORGANIC REFRACTORY MATERIALTHE ORGANIC REFRACTORY MATERIAL
IN THE DIFFUSE INTERSTELLAR MEDIUM:IN THE DIFFUSE INTERSTELLAR MEDIUM:
MID-IR SPECTROSCOPIC CONSTRAINTSMID-IR SPECTROSCOPIC CONSTRAINTS
Yvonne J. Pendleton and Louis J. Allamandola

Through an analysis of the 4000 to 1000 cm-1 (2.5 to 10 micron) region of the spectrum of diffuse inter-
stellar medium (DISM) dust compared with the spectra of thirteen laboratory produced chemical
candidates which serve as analogs to the interstellar material, we have found that the organic refractory
material in the diffuse interstellar medium is predominantly hydrocarbon in nature, possessing little
nitrogen or oxygen, with the carbon distributed between the aromatic and aliphatic forms. Long alkane
chains H3C-(CH2)n- with n much greater than 4 or 5 are not major constituents of this material.

Spectral analysis of the DISM allows us to place significant constraints on the likelihood of the proposed
materials to be present in the diffuse interstellar medium. The spectra of candidate materials are
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evaluated using four spectral characteristics based on the interstellar data. Comparisons to laboratory
analogs indicate the DISM organic material resembles plasma processed pure hydrocarbon residues
much more so than energetically processed ice residues, which were previously thought to be relevant
analogs. This result is consistent with a birth site for the carrier of the 3.4 micron band in the outflow
region of evolved carbon stars, rather than in the icy mantles of dense cloud dust.

The organic signatures of extragalactic dust, carbonaceous chondritic material, and E. coli bacteria
have also been compared because these have been discussed in the literature as relevant to the diffuse
interstellar medium. The organic material extracted from the Murchison carbonaceous meteorite and
the spectrum of E. coli bacteria reveal spectral features in the 5-10 micron region that are absent in the
DISM. Although the presence of unaltered circumstellar components in the Murchison meteorite has
been established through several lines of evidence, it is unclear whether or not the aliphatic compo-
nent which gives rise to the 3.4 micron band is in that category. Considering the complete 2-10 micron
wavelength region, there is no spectral evidence for a biological origin of the 3.4 micron interstellar
absorption band. The similarity of the aliphatic CH stretch region of dust from our own galaxy
compared with that of distant galaxies suggests that the organic component of the ISM is widespread
and may be an important universal reservoir of prebiotic organic carbon.  ❏

CRATERING RATES ON SYNCHRONOUSLYCRATERING RATES ON SYNCHRONOUSLY
ROTATING SATELLITESROTATING SATELLITES
Kevin Zahnle and Paul Schenk

Impact cratering of synchronously-rotating satellites is expected to occur faster on the leading hemi-
sphere than on the trailing hemisphere. This occurs because the satellite’s orbital velocity around the
planet is generally large compared to the space velocities of comets and asteroids. The relationship
between comets and moons is broadly akin to that between flies and windshields. As it is with cars,
the predicted asymmetry is large, with cratering rates at the apex of motion (the center of the leading
hemisphere) typically 30-80 times greater than at the antapex. However, the expected asymmetry is at
best poorly expressed on actual satellites, with the alarming exception of Triton, where the observed
asymmetry is apparently too great. The failure to observe the seemingly inevitable suggests that some
of these satellites have led, and may still be leading, interesting lives.

This study used a suite of Monte Carlo simulations to better determine how cratering rates vary
across the surfaces of synchronous satellites. The method generates orbits randomly from ancestral
distributions that arguably are isotropic, or nearly so; assign to each orbit an impact probability and to
each a possible impact site and appropriate crater diameter; while also allowing practical treatment of
many effects that would be dauntingly difficult to treat analytically. An empirical fit to the suite of
numerical experiments is that the cratering rate
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where         refers to the circular orbital velocity of the satellite and       refers to the characteristic
encounter velocity of the ecliptic comet with the planet; the angle β is the angular distance measured
from the apex of motion; and the parameter g is the power law exponent describing the assumed
cumulative size distribution of the impactors,                           , where d is diameter. The expression
works well for 1<γ<4; real solar system populations typically have 1.5<γ<3.

As noted above, the predicted cratering asymmetries are not seen in fact. Most synchronous satellites
are effectively saturated with impact craters, for which no signature of a leading/trailing cratering
asymmetry is to be expected. The three interesting exceptions are Ganymede and Europa, moons of
Jupiter, and Triton, chief moon of Neptune. Europa has few impact craters and no obvious leading/
trailing asymmetry. But this is not surprising, because Europa’s icy shell is decoupled from the
interior by a liquid water ocean:  it would be relatively easy for the shell to rotate nonsynchronously.
Ganymede is a more interesting case. Careful analysis reveals that Ganymede does preserve a four-
fold asymmetry between fore and aft. This is much less than the 60-fold asymmetry expected but in
the right direction; a possible interpretation is that Ganymede once rotated nonsynchronously but
does so no longer. This in turn implicates a once thicker liquid water ocean for Ganymede, a conclu-
sion in harmony with other clues that Ganymede was once much more like Europa than it is now.

Finally, there is Triton. Triton revolves in a retrograde orbit around Neptune. It appears to be a cap-
tured comet that melted as its orbit tidally evolved from a highly eccentric ellipse to a circle. Triton
has very few craters. Its surface is obviously geologically young, probably no older than Europa’s.
Essentially all of its impact craters are on its leading hemisphere. In particular, a lack of craters near
β=90° appears to be real, as this region (facing Neptune) was the part of Triton seen best by the
Voyager 2 spacecraft. This cratering pattern is too asymmetric to be accounted for by comets or other
objects that orbit the sun. Required rather are objects in prograde orbit around Neptune. Such objects
would strike Triton mostly head-on, and the resulting craters would be mostly confined to the leading
hemisphere. The origin of the implied swarm of prograde, Neptune-orbiting debris is an open ques-
tion. The alternative explanation is that Triton has been capriciously resurfaced so as to look to us,
from the one viewpoint of the Voyager 2, as if it had run face-first into a swarm of debris.  ❏
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Exobiology Branch (SSX) Overview

The Branch’s research focuses on the advancement of the scientific understanding of the origin and
distribution of life by conducting research on the cosmic history of biogenic compounds, prebiotic
evolution, and the early evolution of life. This is accomplished via laboratory experiments, theoretical
studies/computational modeling, and field investigations. Branch personnel are also involved in the
development of flight instruments, experiments, and small mission definition with particular emphasis
being placed on studies of Mars and the development of instrumentation for martian flight missions.
Several Branch scientists are part of a task module that is a component of the Ames membership in the
Astrobiology Institute. Branch scientists provide expertise in exobiology, astrobiology, planetary protec-
tion, and other areas of planetary science to NASA Headquarters and external review and advisory
panels, and some serve as editors and associate editors of scientific journals.

Exobiology studies includes the history, distribution, and chemistry of biogenic elements in the solar
system; prebiotic chemical evolution and the origin of life; and the history of Earth’s early biosphere as
recorded in microorganisms and ancient rocks. The research is conducted both on Earth and in space. The
Branch also serves as the center of expertise within the agency for issues of planetary protection.  As the
agency lead center in exobiology, Branch exobiologists exercise a leadership role in NASA’s Exobiology
Program through program planning, performance reviews, advisory services to related NASA programs,
and external relations.

David F. Blake
Chief, Exobiology Branch (SSX)
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A GREENHOUSE COLLABORATORYA GREENHOUSE COLLABORATORY
Brad Bebout and Richard Keller

The Ames Microbial Ecology/Biogeochemistry Research Lab, in combination with the ScienceDesk
team, has made significant progress in realizing a greenhouse “collaboratory” which will be shared by
members of the NASA Astrobiology Institute’s Early Microbial Ecosystems Research Group
(EMERG). The greenhouse facility is being used to maintain field-collected microbial mats, as well as
perform manipulations of these mats. Microbial mats, extant representatives of Earth’s earliest
ecosystems, are highly dynamic communities of microorganisms exhibiting extremely high rates of
metabolic processes. Maintaining the structure and function of these communities outside of the
natural environment is therefore a challenge. Using the greenhouse constructed on the roof of build-
ing N239, mats that resemble naturally occurring communities have been maintained over a year after
field collection. This year, it was determined that the greenhouse-maintained mats sustain natural
rates of biogeochemical processes. This facility, therefore, is useful to support continued measure-
ments of the rates and conditions under which various trace gases are emitted and/or consumed by
microbial mats and stromatolites. The greenhouse mats will be used to investigate the effects of early
Earth environmental conditions on the rates of trace gas production and consumption in the microbial
mats, a period of Earth’s history no longer available to us for direct measurement. These measure-
ments are also relevant to the search for life on extrasolar planets, where the most promising search
strategy involves the detection of possibly biogenic gases using infrared spectrometry. Space-based
interferometers, such as the Terrestrial Planet Finder, should be able to resolve the spectra of several
biologically important trace gases in the atmospheres of extrasolar planets, possibly within 10-15
years.

The greenhouse represents a unique facility and a unique resource to be shared among EMERG team
members. The team’s scientific objectives require multiple collaborators to conduct and analyze
measurements of mat parameters on a frequent basis over many weeks. However, pragmatics and
funding constraints inhibit the productivity of the distributed team and prevent full utilization of the
greenhouse. The construction of a collaboratory – in which human scientists and intelligent agents
work together to perform experiments – will alleviate demanding proximity and time requirements
that effect productivity. Rather than placing the burden solely on local team members, a collaboratory
will enable an entire distributed investigator team to share responsibility for experimentation and
data collection.

With this motivation in mind, we have begun construction of a collaboratory designed to enable the
geographically distributed group of EMERG scientists to plan greenhouse experiments, operate
scientific equipment, take experimental measurements, share results, and collaborate in real time with
remote colleagues. Intelligent software agents will assist in the experimentation process, controlling
the hardware, recording results, and interacting with the scientists via email. As part of the initial
hardware development for the collaboratory, an X,Y,Z positioning table which is capable of
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automatically positioning sophisticated instruments at any location in the mats has been constructed.
The instrument package currently includes microelectrodes, a light sensor, chlorophyll fluorometer, a
surface detection device, and a fiber optic spectrometer. The positioning system, and the instrumen-
tation package is viewable over the internet (http://greenhouse.arc.nasa.gov) via a webcam hooked
up to a computer located in the greenhouse. Next implementation steps involve controlling the
positioning table and equipment remotely over the internet.  ❏

Figure 16:  Diagrammatic representation of the greenhouse collaboratory
with photographs of the hardware already in place.
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CHEMIN:  A MINERALOGICAL INSTRUMENTCHEMIN:  A MINERALOGICAL INSTRUMENT
FOR MARS EXPLORATIONFOR MARS EXPLORATION
David F. Blake

The identification of the types of rocks on Mars that may harbor evidence of present or past life (i.e.,
biomarkers) will require in situ mineralogical analysis. In order to establish the conditions under
which a rock formed, the identity of each mineral present and its amount must be determined. In
terrestrial laboratories, X-ray Diffraction and X-ray Fluorescence (XRD/XRF) are the techniques of
choice for such characterizations.
Recent progress in X-ray technology allows the consideration of simultaneous X-ray diffraction (XRD:
mineralogic analysis) and high-precision X-ray fluorescence (XRF:  chemical analysis) in systems
scaled down in size and power to the point where they can be mounted on landers or small robotic
rovers. The CHEMIN XRD/XRF instrument, which simultaneously collects XRD and XRF data, has
been proposed in the past for a variety of solar system missions and is presently proposed for three
separate Mars scout missions, including a precision lander, a penetrator and a lander equipped with a
drill.

NASA was awarded a patent in 1996 (US Patent No. 5,491,738) for the CHEMIN concept. The instru-
ment received a commercial “R&D 100 award” as one of the top 100 innovative technologies of 1998.
A SBIR (Small Business, Innovative Research) phase II proposal has been awarded to Moxtek, Inc. to
build and commercialize a laboratory version of CHEMIN.
CHEMIN is a CCD-based simultaneous X-ray diffraction / X-ray fluorescence instrument. The device
is designed to characterize the elemental composition and mineralogy of small fine-grained or pow-
der samples. The name CHEMIN refers to the instrument’s combined CHEmical and MINeralogic
capability.

Both diffraction and fluorescence data are obtained simultaneously by operating the CCD in single-
photon counting mode. Energy discrimination is used to distinguish between diffracted primary
beam photons and fluorescence photons. Diffraction data are obtained in transmission mode, and
resolution is presently sufficient on the prototype instrument to allow application of the Rietveld
refinement method to the diffraction data. X-ray fluorescence data will be obtained for all elements,
4<Z<92.

A diagram of the proposed CHEMIN flight instrument is shown in Figure 17. In operation, the
carousel of the instrument (which is the only moving part) is rotated to place one of 40 collection grids
in a position to receive a soil sample or a sample of drill cuttings from a rock. The carousel is then
rotated to place the grid in the analysis position between the X-ray source and CCD. A combination of
carousel rotation and 1-2 mm motion along the x-axis allows the entire substrate to be sampled
sequentially by the X-ray beam. An intelligent systems program determines the location of sample
material suitable for analysis and supervises data collection.
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Figure 17:  Cross-sectional diagram of the proposed CHEMIN flight instrument.

A prototype of the CHEMIN instrument has been operable since July 1996. After optimization of the
X-ray source collimation, diffraction data were obtained in the Fall of 1996 of sufficient quality to be
used with advanced diffraction data analysis methods such as Rietveld refinement. Various sample
handling systems are presently being pursued, and designs have been proposed for terrestrial use in
commercial laboratories, in the International Space Station, and in the proposed Mars Sample Return
Handling Facility.  ❏

SUGAR-RELATED COMPOUNDS IN METEORITESSUGAR-RELATED COMPOUNDS IN METEORITES
George Cooper, Novelle Kimmich, Josh Sarinana, Katrina Brabham,

Laurence Garrel, and Warren Belisle

A goal of NASA is to understand the origin and evolution of life. Carbonaceous meteorites provide
the only record yet available for the laboratory study of organic compounds that were synthesized
very early in the Solar System and delivered to the planets. Until now sugars and related compounds
(polyols), one the most critical classes of compounds necessary for all current lifeforms, had not been
definitively identified in extraterrestrial samples. Ribose and deoxyribose, five-carbon sugars, are
central to the role of contemporary nucleic acids, DNA and RNA. Glycerol, a three-carbon sugar
alcohol, is a constituent of all known biological membranes. Part of the scientific research performed
at Ames is directed towards determining if such compounds are part of the organic content of meteor-
ites. This report described the results of the search for such compounds.
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Results are reported from analysis of water extracts of the Murchison and Murray carbonaceous
meteorites. The means of identification of compounds was gas chromatography-mass spectrometry
(GC-MS). Compounds were prepared for GC-MS as their trimethylsilyl and/or tertiary butyl-
dimethylsilyl derivatives. Our analyses of Murchison and Murray extracts show that a variety of
polyols are present in carbonaceous meteorites (Figure 18). The identified compounds include a sugar,
dihydroxy acetone; sugar-alcohols; sugar mono-acids; sugar di-acids; and “deoxy” sugar acids (or
“saccharinic” acids). In general the compounds follow the abiotic synthesis pattern of other meteorite
classes of organic compounds:  decreasing abundance with increasing carbon number within a class
of compounds and many, if not all, possible isomers are present at a given carbon number.

A plausible synthetic origin for at least of some of the polyols in Murchison and Murray is the pho-
tolysis of interstellar gases on interstellar grains. Another possible origin is the condensation of
alkaline aqueous solutions of formaldehyde – which is known to produce polyols. Formaldehyde is a
relatively abundant and ubiquitous molecule in interstellar space and comets. Extracts of Murchison
and Murray show that the aqueous solution on the parent body(ies) was slightly alkaline. Once
produced, further chemistry under alkaline and/or oxidizing can oxidized sugars to a variety of acids
of the type in Figure 18.

The fact that a suite of related sugar derivatives and dihydroxyacetone are present in meteorites
makes it likely that more sugars were, at one time, also present. Other bodies (comets or asteroids),
perhaps in different stages of aqueous alteration or oxidation, may have delivered intact sugars to
planets in the early Solar System. However dihydroxyacetone alone is capable of producing larger
sugars in aqueous solution. The finding of these compounds in some of the oldest objects in the Solar
System suggests that polyhdroxylated compounds were, at the very least, available for incorporation
into the first living organisms.  ❏
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Figure 18:  Polyols identified in the Murchison and Murray carbonaceous meteorites. Compounds were identified
by gas chromatography-mass spectrometry as their trimethylsilyl and/or tertiary butyl-dimethylsilyl derivatives.
*6-C Sugars monomers were not seen but may be present in bound forms.
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EFFECTS OF DISTRUBANCE ONEFFECTS OF DISTRUBANCE ON
MICROBIAL COMMUNITIESMICROBIAL COMMUNITIES
Ken Cullings

This research addresses Astrobiology Objective 14 which deals with ecosystem responses to distur-
bance. Functional biodiversity results from both absolute species numbers in any ecosystem and
interactions among members of the community, and plays a pivotal role in the resilience of ecosys-
tems to disturbance and environmental change. Ecosystem reliability can increase when the number
of species per functional group increases, thus illustrating the value of functional redundancy or
similarity in an ecosystem. On the other hand, gains or losses of species that perform different func-
tions can cause ecosystem processes to be significantly altered. Thus, a controversial aspect of func-
tional diversity is whether species exhibiting similar function are actually redundant, and thus
expendable.

This research targets microbes, and a common view is that the potential for redundancy or similarity
among microbial species is high. Specifically, we focus on one pivotal mutualistic interaction, the
ectomycorrhizal (EM) symbiosis, a plant/fungal interaction that controls both carbon and nitrogen
cycles in forest ecosystems. This research has two steps. First, to assess changes in the EM community
in response to disturbance. Second to determine if there are functional changes in the ecosystem that
results from any changes.

1) Artificial Defoliation (manuscript in press at Oecologia). No previous study has been conducted of
effects of altered carbon available to roots in systems comprised of more than a single tree species.
Results indicated no significant effect on either EM colonization or on species richness. However, the
relative abundance of EM of the two tree species shifted from a ratio of approximately 6:1 without
treatment (lodgepole EM:spruce EM), to a near 1:1 ratio post-treatment. In addition, EM species
composition changed significantly post-defoliation. Species of EM fungi associating with both lodge-
pole pine and Engelmann spruce were affected, indicating that alteration of photosynthetic capacity
of one species can affect mycorrhizal associations of neighboring non-defoliated trees. Finally, while
some fungal species may exhibit consistent specificity patterns (for example Suillus tomentosus to P.
contorta) other fungal species shifted host preference in response to the change in source of fixed
carbon induced by defoliation.

2) Effects of litter addition on a stand of pure lodgepole pine, P. contorta, (data complete, manuscript
to be submitted to Oecologia). Molecular analyses indicate that 1) litter addition significantly in-
creases EM infection levels in the top soil layer, directly adjacent to the added litter. No change is seen
with perlite addition. Thus, this response is due solely to nutrient changes imposed by litter; 2) the
EM community is altered significantly by litter addition. Species dominant in controls may be lost in
response following treatment, and some species increase only in response to litter but not to perlite,
further illustrating the role of changes in nutrient status.
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3) Effects of litter removal on a mixed lodgepoile pine/Engelmann spruce (P. engelmannii) stand (data
are complete, manuscript is in preparation):  Results of molecular analyses indicate that, 1) litter
removal significantly decreased EM fungal species richness, from 3.0 to 1.5 species/core; 2) as ex-
pected from previous studies that indicate that increased nitrogen in litter can inhibit EM infection,
litter removal induced a significant increase in EM infection, from a mean of 228 EM/core in controls
to 326 in treatments; 3) furthermore, molecular analyses indicate that while many basidiomycete
fungal species are common to both treatments and controls, the ratio of basidiomycetes to asco-
mycetes changed significantly in response to litter removal, from 12:1 ratio of basidiomycete to
ascomycete EM, to a 3:1 ratio.

Together, these results indicate that these disturbances can causes changes in the EM fungal commu-
nity. Because different species may perform different functions, these results indicate that it is now
necessary to assess changes to pivotal ecosystem functions. Thus, our next step will be to perform
assessments of changes in enzyme systems that are responsible for controlling both nitrogen and
carbon cycles in forest ecosystems.  ❏

CARBON NANOTUBE DEPOSITION ANDCARBON NANOTUBE DEPOSITION AND
GROWTH TECHNIQUEGROWTH TECHNIQUE
Lance Delzeit

Carbon nanotubes (NTs) possess electrical, mechanical and physical properties that make them ideal
for applications in nanotechnology. A major constraint to the realization of many of these applications
is the ability to produce nanotubes in an industrially viable method with the characteristics desired
for the given application. A few of these characteristics include quantity, chirality, size, density,
distribution and purity of the nanotubes produced. The research described here focuses on the
production of NTs with the desired density, distribution, and purity for the application to industrially
viable products.
A catalyst deposition and growth technique has been developed that allows for the controlled growth
of either single- or multi-walled carbon nanotubes. This technique uses ion-beam sputtering to
deposit the catalyst. By changing the catalyst formula and the growth conditions, either single- or
multi-walled carbon nanotubes can be grown. Furthermore, by adjusting the conditions used to
produce single-walled nanotubes, the density of the nanotubes grown can be controlled from a sparse
distribution of individual single-walled nanotubes to dense mats of single-walled nanotube “ropes”.
“Ropes” are an association of individual nanotubes that forms a larger structure just as individual
fibers make up a normal rope. The conditions for the growth of multi-walled nanotubes have been
optimized for the growth of “towers”. A “tower” is a structure in which the nanotubes grow in the
vertical direction because of the high density of the nanotubes in that region. These different struc-
tures each have applications to a variety of devices.
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A further advantage of this technique is the ability to pattern the catalyst onto the surface. If the
application requires the nanotubes to be grown in a confined area, then the ability to restrict the
deposition of the catalyst to those areas is critical. This process, with the use of standard shadow
masking and lithography techniques, has the ability to create such patterned catalyst deposits for the
development of applications.

Finally, for most applications, the nanotubes need to be produced free of impurities and contamina-
tion. The two major sources of contamination in the growth of carbon nanotubes are:  1) the build-up
of amorphous carbon from the extraneous decomposition of carbon feed gas and 2) contamination by
extraneous metal catalyst. The elimination of the extraneous metal catalyst is currently being accom-
plished by optimizing the catalyst formula, thus reducing the quantity of “inactive” catalyst. The
removal of the amorphous carbon is being realized by the use of etching gases that preferentially
removes the amorphous carbon while not damaging the carbon nanotubes.  ❏

STRUCTURE AND FUNCTIONS OF PROTOCELLSSTRUCTURE AND FUNCTIONS OF PROTOCELLS
Andrew Pohorille and Michael A. Wilson

This research is devoted to the origin of cellular functions, with a long-term objective to explain how
protocells performed functions essential for their survival and evolution utilizing only molecules that
may have been available in the protobiological milieu. Simple models of several protocellular func-
tions have been developed, and computer simulations have been carried out using molecular dynam-
ics (MD) computer simulations. In MD simulations, Newton’s equations of motion are solved for all
of the atoms in the system under study, providing a complete time-history of the system. Properties of
interest are computed from the trajectory using classical statistical mechanics.

Protocells and their functions:  Probably the first cell-like structures were vesicles - closed, spheroidal
assemblies of organic material enclosing an aqueous medium. The walls of vesicles are built of
amphiphilic molecules which have water-soluble (hydrophilic) and water-insoluble (hydrophobic)
groups at opposite ends. These molecules are arranged in bilayers such that the hydrophilic head
groups point toward water and the hydrophobic tails form the interior of the bilayer. In this respect,
vesicle walls resemble modern cell membranes. Under proper conditions, vesicles form spontane-
ously from an aqueous solution of amphiphiles. Vesicles became the precursors to true cells -
protocells - by acquiring the capabilities needed to survive and reproduce. Protocells had to transport
ions and organic matter from the environment across their walls, capture and utilize energy, and
synthesize the molecules necessary for self-maintenance and growth. The identity of molecules that
performed these functions is open to debate. As most metabolic functions In modern organisms are
carried out by proteins, the most parsimonious assumption is that their protobiological precursors
were peptides. Their protocellular potential is illuminated by the fact that a wide range of simple,
naturally occurring or synthetic peptides can spontaneously insert into membranes and assemble into
channels capable of transporting material across cell walls.
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Results:  The stability of monomers and dimers of a peptide consisting of leucine (L) and serine (S) in
a heptad repeat arrangement of (LSLLLSL)3 has been investigated in a membrane-like system consist-
ing of an octane layer between two water layers. Both the transmembrane and parallel, in-plane
orientations of the monomer correspond to stable states, with the parallel orientation being more
stable. However conversion between the two requires crossing a large free energy barrier and requires
substantial structural rearrangement of the water molecules on both sides of the membrane.

While a transmembrane dimer was found to be stable, a dimer oriented parallel to the interface was
found to be unstable. This implies that the predominant state of an equilibrium distribution of pep-
tides is a monomer parallel to the interface. Under the application of an external electric field, the
monomers rotate into the transmembrane orientation, where they can aggregation into dimers and
tetramers. Experiments in other laboratories have demonstrated that tetramers can function as
channels for transporting protons across the membrane.

One goal of this research project is to construct multimeric, transmembrane structures that can
function as primitive catalysts. In the present case, the peptide does not possess interactions that are
specific enough to maintain a rigid structure that could contain a catalytic site. This is due to the fact
that the transmembrane dimer structure, as shown in Figure 19, is much less rigid than a coiled-coil
structure. It has been observed more generally that transmembrane proteins are not simply “inside-
out” analogues of water soluble proteins. Consequently, specific residues must be modified to achieve
the packing that is typical of water-soluble coiled-coils.  ❏

Figure 19:  Transmembrane dimer of (LSLLLSL)3. The peptide molecules are show as gray
helices, the octane is green and the water is red and white. The disorder is evidenced by the
separation of the helices and the significant water penetration into the membrane interior.
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MICROBIAL ECOSYSTEM STRUCTUREMICROBIAL ECOSYSTEM STRUCTURE
Lee Prufert-Bebout

The Ames Geobiology and Ecosystem Structure Laboratory is a new facility which was initially
established in late Summer 2000. The research goals of this laboratory are to contribute to our under-
standing of the spatial distribution of microbes in biofilms, microbial mats and stromatolites and to
understand how these distribution patterns are recorded in the rock record. Spatial distribution of
microbes is of critical importance in facilitating the transfer of gaseous and dissolved compounds both
between microorganisms and between microorganisms and their environment. As microorganisms
are motile and can in effect position themselves where conditions are most advantageous, their
distribution patterns offer key clues as to how these ecosystems function. The old adage is that
“everything is everywhere, but the milieu selects.” Understanding how microbes react to the milieu
via their physical distribution is therefore absolutely key to interpreting modern, ancient and extrater-
restrial microbial ecosystems.

However, most microbial ecology research approaches are not designed to address this issue.
Microbes cultivated as single organism populations in a test tube will not behave in the same manner
as those in mixed microbial population assemblages in natural environments. There microbial popula-
tions experience fluctuations in irradiance, water flow and chemical environment seldom, if ever, seen
in a laboratory environment. Monitoring of natural ecosystems offers clues to as to how ecosystems
function, but the large number of variables operating at any given time, prohibit rigorous scientific
manipulation and testing. Our goal is to bridge this gap by conducting controlled, mixed microbial
ecosystem experimentation.

The first series of experiments in the Geobiology and Ecosystem Structure laboratory has documented
that given an initial, homogeneous distribution, within carbonate sediments, four different
cyanobacterial isolates will repeatedly segregate themselves with distinctly different distribution
patterns. However, the actual distribution patterns observed are a function of speed of water flow,
permeability of sediments, availability of nutrients and irradiance conditions. Hence it is possible to
control the degree and pattern of lamination occurring in these sediments. The cyanobacteria used in
these experiments are cultures isolated from modern stromatolites. This approach provides a power-
ful tool for interpreting the distribution patterns of these cyanobacteria in their natural environment,
which to a great extent causes the formation of the laminated fabric of actively lithifying stromatolites.
Some of these microbes act as binding agents holding sediments together, while others are active
agents in the precipiation of new mineral components which convert the biological ecosystem into a
lithified structure which can be preserved in the rock record. Understanding the controls of formation
of these laminated fabrics in modern stromatolites is a first step in improving the interpretation of
lamination biosignatures in ancient stromatolites from Earth and potentially laminated rocks from
extraterrestrial sources.  ❏
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RINGDOWN CAVITY FOR ISOTOPIC RATIORINGDOWN CAVITY FOR ISOTOPIC RATIO
MEASUREMENTS OF CARBON AND OXYGENMEASUREMENTS OF CARBON AND OXYGEN
Todd Sauke and Joe Becker

Molecular and isotopic spectroscopy in the mid-infrared (3 - 7 micrometer wavelength) has been extremely
useful for many quantitative gas detection applications in fields as diverse as astrobiology, geology,
atmospheric science, pollution control, environmental monitoring, and industrial process control. Varia-
tions in isotopic ratios of 12C/13C and 16O/18O in Martian soil samples could be important clues to the
planet’s geologic and biologic history. Such variations would be expected to be generated in a sample by
any process of elemental transfer whose rate limiting step is diffusion controlled. This could include past
or present volcanism, freeze thaw cycles, incorporation of carbon dioxide into the soil from the Martian
atmosphere, enzymatic reactions, or respiration. Isotopic variability could also be caused in a sample by its
having been mixed with other reservoirs of carbon or oxygen.

The typically strong absorption lines in the mid-infrared spectral region allow for sensitive detection
without the need for complex, alignment sensitive, multipass sample absorption cells. The diode laser
light sources used for spectroscopy in this spectral region typically require cryogenic cooling making them
difficult, cumbersome and expensive, limiting their usefulness. On the other hand, in the near-infrared at
1.3 and 1.55 micrometer wavelengths, where inexpensive room temperature laser sources are readily
available, the molecular absorption lines are orders of magnitude weaker than those in the mid infrared
and can only be used with long path multi-pass absorption cells. Typical long path multi-pass cells, such
as White cells, Harriot cells, etc. are large, cumbersome, and alignment sensitive. The relatively new
technique of cavity ringdown spectroscopy affords another solution to the problem of achieving very long
effective absorption pathlengths.

Laser spectroscopy offers important advantages over conventional mass spectrometry for measurements
on a planet’s surface. Importantly, because of the high spectral resolution of the laser spectrometer, the
detailed and complex sample preparation and purification required for reliable mass spectrometry is
unnecessary, because contaminant gasses do not interfere with the measurement. The goal is to develop a
prototype instrument for laser spectroscopic isotope analysis of planetary soils and ices on possible
missions to Mars and/or Europa.

This project makes use of a ringdown cavity to provide the ultra long effective pathlength needed for
spectroscopy with weak infrared absorption lines, but will achieve high light throughput and high spec-
tral resolution by locking the ringdown cavity to the narrow spectral linewidth of a diode laser source.

We have designed and constructed a near-infrared spectrometer consisting of a 1.6 micrometer near-
infrared room temperature diode laser, an optical isolator, a spatial filter, and a tuned ringdown cavity
which ultimately will be frequency locked to the continuous wave laser source, affording both high
spectral resolution of isotopic absorption lines and high optical throughput for high sensitivity measure-
ments.  ❏
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PREBIOTIC PEPTIDE SYNTHESISPREBIOTIC PEPTIDE SYNTHESIS
Arthur L. Weber

About four billion years ago on the primitive Earth chemical processes yielded molecules that had the
ability to make copies of themselves (self-replicate). Over evolutionary time these replicating molecules
developed into the DNA-protein replicating system of modern life. Although the DNA molecule has a
structure that makes it an excellent self-replicating molecule, DNA’s structure is too complex to have been
synthesized by chemical processes on the early prebiotic Earth. This difficulty with the prebiotic synthesis
DNA has led to a search for simpler replicating molecules. One of the best candidates for a primitive
replicating molecule are small proteins – called peptides. Peptides are considered good candidates because
they are constructed from very simple building blocks – activated amino acid molecules – that could have
been made by chemical processes on the primitive Earth. To understand the prebiotic processes on the
early Earth that could have generated replicating molecules, such as peptides, we have (1) experimentally
studied plausible prebiotic chemical processes that have the potential to yield peptides and other replicat-
ing molecules from very simple chemical ingredients such as formaldehyde and derived sugars, and
(2) analyzed the thermodynamics of carbon chemistry to establish which types of organic reactions are
energetically favorable or unfavorable under mild aqueous conditions.

Since earlier studies by us and other investigators have indicated the involvement of amino acid and
peptide thioesters in prebiotic peptide synthesis, we developed a new, very simple method for preparing
peptide thioesters that involves the reaction of a thiol molecule with amino acids activated by reaction
with the commercially available reagent (carbonyldiimidazole). This synthetic method was used to prepare
peptide thioesters from three and eight amino acids in length for several different amino acids. Chromato-
graphic techniques were developed that allowed measurement and purification of the peptide thioesters.
This new synthetic method provides an uncomplicated way to generate peptide thioesters for studies of
peptide replication.

To identify and understand the chemistry that could have been involved in the origin of the earliest
replicating molecule under mild aqueous conditions, we calculated the energy values for the chemical
changes that occur in carbon groups undergoing redox reactions and carbon-carbon bond cleavage reac-
tions. We discovered that the energy of redox reactions involving hydrogen transfer between carbon
groups is mainly determined by the type of functional group that donates the hydrogen equivalents, with
the energy becoming less favorable in the order:  aldehydes, formic acid, alcohols, and hydrocarbons. We
also found (1) that the cleavage energy of carbon-carbon bonds is primarily determined by the type of
functional group that donates the shared electron-pair during cleavage, with the cleavage energy becom-
ing less favorable in the order:  carbonyls (ketones, aldehydes), carboxylic acids, alcohols, hydrocarbons,
and (2) that the cleavage energy is more favorable when the shared electron-pair is transferred from a more
oxidized to a more reduced carbon group, except for bonds between a carbonyl group and a carboxylic
acid group where the reverse transfer is more favorable. From the energy of each cleavage reaction we also
estimated the energy of its corresponding synthesis (or reverse) reaction that has an energy equal to the
negative of the cleavage energy. From these studies we concluded that the chemistry of the origin of life
and the structure of metabolism are constrained and limited by the strong dependence of the energy of
carbon group transformations on the type of functional group(s) participating in the transformations.  ❏
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The following is an alphabetical listing of all Division personnel current as of
August 21, 2001. All Civil Servants are indicated with an asterisk (*) after their
name and each person’s Branch affiliation is listed at the far right (see the
organization chart on page 8 for the code definitions). Individual members of
the Division can be reached by telephone at (650) 60-[extension], by e-mail, or
by writing to them at the following address:

NASA Ames Research Center
M.S. (enter ‘Mail Stop’ from roster list)
Moffett Field  CA  94035-1000
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Acevedo, Sara E. 4-4223 sacevedo@mail.arc.nasa.gov 245-1 SS
Affleck, David 4-0276 daffleck@mail.arc.nasa.gov 239-7 SSR
Allamandola, Louis* 4-6890 lallamandola@mail.arc.nasa.gov 245-6 SSA
Baltz, James 4-4390 baltz@cygnus.arc.nasa.gov T3B-4 SSA
Bakes, Emma 4-0787 bakes@shivakali.arc.nasa.gov 245-3 SST
Banin, Amos 4-2398 abanin@mail.arc.nasa.gov 239-4 SSX
Barnes, Aaron* 4-5506 abarnes@mail.arc.nasa.gov 245-3 SST
Batalha, Natalie 4-0957 natalie@ssa1.arc.nasa.gov 245-3 SST
Bebout, Brad* 4-3227 bbebout@mail.arc.nasa.gov 239-4 SSX
Bebout, Lee* 4-3826 lbebout@mail.arc.nasa.gov 239-12 SSX
Becker, Joseph F. 4-3213 jbecker@mail.arc.nasa.gov 239-12 SSX
Belisle, Warren 4-5252 wbelisle@mail.arc.nasa.gov 239-11 SSR
Bell, Robbins* 4-0788 bell@cosmic.arc.nasa.gov 245-3 SST
Bernstein, Max 4-0194 mbernstein@mail.arc.nasa.gov 245-6 SSA
Biennier, Ludovic 4-4217 lbiennier@mail.arc.nasa.gov 245-6 SSA
Bishop, Janice 4-0297 jbishop@mail.arc.nasa.gov 239-4 SSX
Blackford, Cameron 4-5738 cblackford@mail.arc.nasa.gov 239-15 SSR
Blackwell, Charles 4-3208 cblackwell@mail.arc.nasa.gov 239-23 SSR
Blake, David* 4-4816 dblake@mail.arc.nasa.gov 239-4 SSX
Borchers, Bruce 4-3205 bborchers@mail.arc.nasa.gov 239-23 SSR
Borucki, Bill* 4-6492 wborucki@mail.arc.nasa.gov 245-3 SST
Borucki, Jerry* 4-3219 jborucki@mail.arc.nasa.gov 239-12 SSX
Boulanger, Richard 4-1418 rboulanger@mail.arc.nasa.gov 239-8 SSR
Bregman, Jesse* 4-6136 jbregman@mail.arc.nasa.gov 245-6 SSA
Bridger, Alison 4-5922 bridger@hellas.arc.nasa.gov 245-3 SST
Brivkalns, Chad* 4-0117 cbrivkalns@mail.arc.nasa.gov T3B-4 SSA
Bunn, Karen* 4-1025 kbunn@mail.arc.nasa.gov 239-15 SSR
Burkett, Tom Not Avail. Not Available 245-3 SST
Cabral, Laura 4-6429 lcabral@mail.arc.nasa.gov 245-1 SS
Cabrol, Nathalie 4-0312 ncabrol@mail.arc.nasa.gov 245-3 SST
Caldwell, Douglas 4-3119 dcaldwell@mail.arc.nasa.gov 245-3 SST
Carpenter, Steven 4-0525 scarpenter@mail.arc.nasa.gov 239-4 SSX
Carlstrom, Erik 4-6913 Not Available 245-3 SST
Castellano, Tim* 4-4716 tcastellano@mail.arc.nasa.gov 245-6 SSA
Catling, David 4-1504 catling@humbabe.arc.nasa.gov 245-3 SST
Chambers, John 4-5515 john@mycenae.arc.nasa.gov 245-3 SST
Chan, Suzanne 4-0323 slchan@mail.arc.nasa.gov 239-15 SSR
Chandler, Trametria* 4-5524 tchandler@mail.arc.nasa.gov 245-3 SST
Charnley, Steve 4-5910 charnley@dusty.arc.nasa.gov 245-3 SST
Chavez, Carrie 4-0317 cchavez@mail.arc.nasa.gov 245-3 SST
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Chen, Kang 4-6074 kchen@mail.arc.nasa.gov 245-1 SS
Chiar, Jean 4-0324 chiar@misty.arc.nasa.gov 245-3 SST
Cho, Sheila 4-6590 sycho@mail.arc.nasa.gov 239-15 SSR
Clark, Angela* 4-6186 amclark@mail.arc.nasa.gov 245-1 SS
Colaprete, Anthony 4-2918 tonyc@hellas.arc.nasa.gov 245-3 SST
Colgan, Sean* 4-0420 colgan@cygnus.arc.nasa.gov 245-6 SSA
Conrad, Andre 4-1189 aconrad@mail.arc.nasa.gov 245-3 SS
Constantinescu, Ileana 4-0190 iconstantinescu@mail.arc.nasa.gov 239-7 SSR
Cooper, George* 4-5968 gcooper@mail.arc.nasa.gov 239-4 SSX
Cooper, Robert 4-6264 cooper@ssa1.arc.nasa.gov 245-6 SSA
Crawford, Sekou 4-0307 scrawford@mail.arc.nasa.gov 239-8 SSR
Cregan, Janice 4-3578 jcregan@mail.arc.nasa.gov 239-15 SSR
Cruikshank, Dale* 4-4244 dale@mail.arc.nasa.gov 245-6 SSA
Cuevas, Diana* 4-5029 dcuevas@mail.arc.nasa.gov 245-1 SS
Cullings, Kenneth* 4-2773 kcullings@mail.arc.nasa.gov 239-4 SSX
Cuzzi, Jeff* 4-6343 cuzzi@cosmic.arc.nasa.gov 245-3 SST
Dalle Ore, Cristina 4-6151 cdo@misty.arc.nasa.gov 245-6 SSA
Dalton, Brad 4-3148 Not Available Not Avail. SST
Davis, Sanford* 4-4197 sdavis@mail.arc.nasa.gov 245-3 SST
Davis, Wanda 4-3186 exobits@galileo.arc.nasa.gov 245-3 SST
De, Barna 4-3225 sde@mail.arc.nasa.gov 239-4 SSX
De Bord, Georgiana 4-2831 Not Available 245-6 SSA
Delzeit, Lance* 4-0236 ldelzeit@mail.arc.nasa.gov 239-4 SSX
Des Marais, David* 4-3220 ddesmarais@mail.arc.nasa.gov 239-4 SSX
DeVincenzi, Donald* 4-5251 ddevincenzi@mail.arc.nasa.gov 245-1 SS
Discipulo, Mykell 4-6110 mdiscipulo@mail.arc.nasa.gov 239-4 SSX
Dobrovolskis, Tony 4-4194 dobro@cosmic.arc.nasa.gov 245-3 SST
Dotson, Jessie* 4-2041 dotson@cygnus.arc.nasa.gov 245-6 SSA
Doty, Moria 4-0784 mdoty@mail.arc.nasa.gov 239-4 SSX
Dworkin, Jason 4-0789 jdworkin@mail.arc.nasa.gov 245-6 SSA
Embaye, Tsegereda 4-6182 tembaye@mail.arc.nasa.gov 239-4 SSX
Ennico, Kimberly* 4-6067 kennico@mail.arc.nasa.gov 245-6 SSA
Erickson, Edwin F.* 4-5508 erickson@cygnus.arc.nasa.gov 245-6 SSA
Finn, Cory* 4-1027 cfinn@mail.arc.nasa.gov 239-8 SSR
Finn, John* 4-1028 jfinn@mail.arc.nasa.gov 239-15 SSR
Fisher, John* 4-4440 jfisher@mail.arc.nasa.gov 239-15 SSR
Flynn, Michael* 4-1163 mflynn@mail.arc.nasa.gov 239-15 SSR
Flores, Regina 4-5537 rflores@ssa1.arc.nasa.gov 245-6 SSA
Fonda, Mark 4-5744 mfonda@mail.arc.nasa.gov 239-4 SS
Forrest, Kindall 4-0390 kforrest@mail.arc.nasa.gov 239-7 SSR
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Freedman, Richard 4-0316 freedman@darkstar.arc.nasa.gov 245-3 SST
Friedmann, E. Imre 4-1136 friedman@gal.arc.nasa.gov 245-3 SST
Ocampo-Friedmann, Roseli 4-1136 friedman@gal.arc.nasa.gov 245-3 SST
Gazis, Paul 4-5704 pgazis@mail.arc.nasa.gov 245-3 SST
Goorvitch, David* 4-5502 dgoorvitch@mail.arc.nasa.gov 245-6 SSA
Gordon, Mitchell 4-2529 Not Available 245-3 SST
Gorti, Uma 4-3385 gorti@ism.arc.nasa.gov 245-3 SST
Greene, Thomas* 4-5520 tgreene@mail.arc.nasa.gov 245-6 SSA
Grin, Edmond 4-2813 egrin@mail.arc.nasa.gov 245-3 SST
Gulick, Virginia 4-0781 vgulick@mail.arc.nasa.gov 245-3 SST
Haas, Michael* 4-5511 mhaas@mail.arc.nasa.gov 245-6 SSA
Haberle, Robert* 4-5491 haberle@mail.arc.nasa.gov 245-3 SST
Habicht, Kirsten 4-0892 khabicht@mail.arc.nasa.gov 239-4 SSX
Haisch, Karl E. Jr. 4-3571 khaisch@mail.arc.nasa.gov 245-6 SSA
Harker, David 4-5530 harker@corvus.arc.nasa.gov 245-3 SST
Heather, Neil 4-0319 neil@ringmaster.arc.nasa.gov 245-3 SST
Heyenga, Gerard 4-1258 gheyenga@mail.arc.nasa.gov 239-23 SSR
Hoehler, Tori* 4-1355 thoehler@mail.arc.nasa.gov 239-4 SSX
Hogan, Bob 4-0780 hogan@cosmic.arc.nasa.gov 245-3 SST
Hogan, Mary 4-0525 mhogan@mail.arc.nasa.gov 239-4 SSX
Hollenbach, David* 4-4164 hollenbach@ism.arc.nasa.gov 245-3 SST
Hollingsworth, Jeff 4-6275 jeffh@humbabe.arc.nasa.gov 245-3 SST
Horvath, Iboya Not Avail. Not Available 239-15 SSR
Houben, Howard 4-3381 houben@humbabe.arc.nasa.gov 245-3 SST
Howell, Colleen 4-3658 chowell@mail.arc.nasa.gov 239-4 SSX
Howard, Jeanie 4-1257 jhoward@mail.arc.nasa.gov 239-7 SSR
Hubickyj, Olenka 4-5727 hubickyj@pollack.arc.nasa.gov 245-3 SST
Hudgins, Douglas* 4-4216 dhudgins@mail.arc.nasa.gov 245-6 SSA
Humphry, Don 4-6760 dhumphry@mail.arc.nasa.gov 239-12 SSX
Jahnke, Linda* 4-3221 ljahnke@mail.arc.nasa.gov 239-4 SSX
Jenniskens, Peter 4-3086 peter@max.arc.nasa.gov 239-4 SSX
Johnson, Jeff 4-1264 jjohnson@mail.arc.nasa.gov 239-23 SSR
Jones, Harry* 4-5518 hjones@mail.arc.nasa.gov 239-8 SSR
Jordan, Joe 4-0782 jjordan@sky.arc.nasa.gov 245-3 SST
Kagawa, Hiromi 4-3683 hkagawa@mail.arc.nasa.gov 239-15 SSR
Kato, Katharine 4-5218 kkato@mail.arc.nasa.gov 239-14 SSX
Kaufman, Michael 4-0320 kaufman@ism.arc.nasa.gov 245-3 SST
Khare, Bishun 4-2465 bkhare@mail.arc.nasa.gov 239-11 SSA
Kliss, Mark* 4-6246 mkliss@mail.arc.nasa.gov 239-15 SSR
Koch, David* 4-6548 dkoch@mail.arc.nasa.gov 245-6 SSA
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Knoell, Chris 4-0581 jcknoell@mail.arc.nasa.gov 239-15 SSR
Koerber, Chris 4-0367 ckoerber@mail.arc.nasa.gov 245-6 SSA
Kojiro, Daniel* 4-5364 dkojiro@mail.arc.nasa.gov 239-12 SSX
Kubo, Michael 4-6110 mkubo@mail.arc.nasa.gov 239-4 SSX
Kuschill-Gobin, Deb 4-6197 dkuschill@mail.arc.nasa.gov 245-3 SS
Lamparter, Richard* 4-1159 rlamparter@mail.arc.nasa.gov 239-15 SSR
Landheim, Ragnhild 4-0774 landheim@gal.arc.nasa.gov 245-3 SST
Lau, Evan 4-6179 elau@mail.arc.nasa.gov 239-4 SSX
Laughlin, Gregory P* 4-0125 gpl@acetylene.arc.nasa.gov 245-3 SST
Leavitt, Andy* 4-5751 aleavitt@mail.arc.nasa.gov T3B-4 SSA
Lebonnois, Sebastien 4-0321 lebonnoi@dusty.arc.nasa.gov 245-3 SST
Lee, Pascal 4-0315 pclee@best.com 245-3 SST
Lesberg, David M.* 4-5970 dlesberg@mail.arc.nasa.gov 245-6 SSA
Levri, Julie* 4-6917 jlevri@mail.arc.nasa.gov 239-8 SSR
Lissauer, Jack* 4-2293 lissauer@ringside.arc.nasa.gov 245-3 SST
Lissol, Peter 4-6318 plissol@mail.arc.nasa.gov T3B-4 SSA/FEE
Litwiller, Eric 4-5673 elitwiller@mail.arc.nasa.gov 239-8 SSR
Magalhaes, Julio 4-3116 jmagalhaes@mail.arc.nasa.gov 245-3 SST
Makhita, Shilpa 4-6179 Not Available 239-4 SSX
Mancinelli, Rocco 4-6165 rmancinelli@mail.arc.nasa.gov 239-4 SSX
Marley, Mark* 4-0317 marley@mail.arc.nasa.gov 245-3 SST
Marshall, Bruce 4-5737 marshall@nog.arc.nasa.gov T3B-4 SSA
Marshall, John 4-4983 jmarshall@mail.arc.nasa.gov 239-12 SSX
Mason, Chris 4-4079 cmason@mail.arc.nasa.gov 245-6 SSA
Mattioda, Andrew 4-1075 amattioda@mail.arc.nasa.gov 245-6 SSA
Mattos Saguindel, Lori* 4-5763 lmattos@mail.arc.nasa.gov 239-4 SSX
McKay, Chris* 4-6864 cmckay@mail.arc.nasa.gov 245-3 SST
McMillan, Andrew* 4-0474 amcmillan@mail.arc.nasa.gov 239-15 SSR
Meyer, Allan 4-1612 ameyer@mail.arc.nasa.gov 245-6 SSA
Mihalov, John* 4-5516 jmihalov@nimrod.arc.nasa.gov 245-3 SST
Miller, Scott 4-5282 smiller1@mail.arc.nasa.gov Not Avail. SSX
Mogul, Rakesh 4-2344 rmogul@mail.arc.nasa.gov 239-15 SSR
Moller, Ken 4-2111 kmoller@mail.arc.nasa.gov 245-3 SS
Montgomery, Leslie 4-0414 lmontgomery@mail.arc.nasa.gov 239-15 SSR
Moore, Jeff* 4-5529 jmoore@mail.arc.nasa.gov 245-3 SST
Moore, Liz 4-3718 moore@cygnus.arc.nasa.gov 245-6 SSA
Moran, Mark 4-0684 mjmoran@mail.arc.nasa.gov 239-7 SSR
Morris, Robert L. 4-5499 rmorris@mawrth.arc.nasa.gov 245-3 SST
Mosqueira, Ignacio 4-2797 mosqueir@cosmic.arc.nasa.gov 245-3 SST
Mulloth, Lila 4-1904 lmulloth@mail.arc.nasa.gov 239-7 SSR
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Nash, Cody 4-2723 Not Available 239-4 SSX
New, Mike* 4-4762 mnew@mail.arc.nasa.gov 239-4 SSX
Nimmo, Walter 4-1618 Not Available 245-3 SST
Nottage, Julie 4-3711/4 jnottage@mail.arc.nasa.gov 245-3 SS
Owen, Sandra* 4-1281 sowen@mail.arc.nasa.gov 245-1 SS
Paavola, Chad* 4-5647 cpaavola@mail.arc.nasa.gov 239-15 SSR
Pace, Gregory 4-5442 gspace@mail.arc.nasa.gov 239-23 SSR
Palmer, Gary H.* 4-3668 ghpalmer@mail.arc.nasa.gov 239-14 SSX
Pendleton, Yvonne* 4-4391 ypendleton@mail.arc.nasa.gov 245-3 SST
Persaud, Rocky 4-6913 Not Available 245-3 SST
Pisharody, Suresh 4-1859 spisharody@mail.arc.nasa.gov 239-7 SSR
Pohorille, Andrew* 4-5759 pohorill@raphael.arc.nasa.gov 239-4 SSX
Poulet, Francois 4-6001 poulet@cosmic.arc.nasa.gov 245-3 SST
Quigley, Emmett* 4-5970 equigley@mail.arc.nasa.gov 245-6 SSA
Quinn, Richard 4-6501 rquinn@mail.arc.nasa.gov 239-14 SST
Quintana, Elisa 4-0329 equintan@estrellas.arc.nasa.gov 245-3 SST
Rages, Kathy 4-6735 krages@mail.arc.nasa.gov 245-3 SST
Raleigh, Chris 4-3782 craleigh@mail.arc.nasa.gov 239-4 SSX
Rau, Greg 4-6110 rau4@llnl.gov 239-4 SSX
Reynolds, Ray 4-5532 reynolds@cosmic.arc.nasa.gov 245-3 SST
Rivera, Eugenio 4-0322 rivera@epimethius.arc.nasa.gov 245-3 SST
Rodgers, Steve 4-0331 rodgers@dusty.arc.nasa.gov 245-3 SST
Roellig, Thomas L.* 4-6426 troellig@mail.arc.nasa.gov 245-6 SSA
Roush, Ted* 4-3526 troush@mail.arc.nasa.gov 245-3 SST
Rubin, Robert 4-6450 rubin@cygnus.arc.nasa.gov 245-6 SSA
Ryan, Michael 4-4884 mryan@mail.arc.nasa.gov 245-3 SS
Salama, Farid* 4-3384 fsalama@mail.arc.nasa.gov 245-6 SSA
Samson, Jason* 4-3439 jsamson@mail.arc.nasa.gov T3B-4 SSA/SFD
Sanchez, Lupe* 4-5528 lcsanchez@mail.arc.nasa.gov 245-6 SSA
Sanford, Amber 4-1458 asanford@mail.arc.nasa.gov 239-15 SSR
Sandford, Scott* 4-6849 ssandford@mail.arc.nasa.gov 245-6 SSA
Sarinana, Josh 4-3110 jsarinana@mail.arc.nasa.gov 239-4 SSX
Sauke, Todd B. 4-3213 tsauke@mail.arc.nasa.gov 239-12 SSX
Scargle, Jeff* 4-6330 jeffrey@sunshine.arc.nasa.gov 245-3 SST
Schaeffer, Jim 4-6078 jschaef@mintz.arc.nasa.gov 245-3 SST
Schilling, James 4-2796 jschilling@mail.arc.nasa.gov 245-1 SS
Schulte, Mitch* 4-0527 mschulte@mail.arc.nasa.gov 239-4 SSX
Scimeca, David C.* 4-5970 dscimeca@mail.arc.nasa.gov 245-6 SSA
Shiroyama, Brian 4-3146 brian@ssa1.arc.nasa.gov 245-6 SSA
Showalter, Mark 4-3382 showalter@ringside.arc.nasa.gov 245-3 SST
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Showman, Adam 4-3120 showman@humbade.arc.nasa.gov 245-3 SST
Simpson, Janet 4-1613 simpson@cygnus.arc.nasa.gov 245-6 SSA
Smernoff, David 4-1230 dsmernoff@mail.arc.nasa.gov 239-12 SSX
Smith, Bruce* 4-5515 bfsmith@mail or smith@humbabe 245-3 SST
Stassinopoulos, Dimitris 4-5766 stassinopoulos@raphael.arc.nasa.gov 239-4 SSX
Steiman-Cameron, Tom 4-0328 Not Available 245-3 SST
Steinacker, Adriane C. 4-2308 adriane@duras.arc.nasa.gov 245-3 SST
Stevens, Judy 4-4014 jkstevens@mail.arc.nasa.gov 245-3 SS
Stoker, Carol* 4-6490 cstoker@mail.arc.nasa.gov 245-3 SST
Stone, Brad 4-5495 bstone@jupiter.sjsu.edu 245-6 SSA
Summers, David 4-6206 dsummers@mail.arc.nasa.gov 239-4 SSX
Sutter, Brad 4-2983 bsutter@mail.arc.nasa.gov 245-3 SST
Temi, Pasquale 4-1841 temi@ssa1.arc.nasa.gov 245-6 SSA
Thamdrup, Bo 4-0892 bthamdrup@mail.arc.nasa.gov 239-4 SSX
Tleimat, Maher 4-1317 mtleimat@mail.arc.nasa.gov 239-8 SSR
Trent, Jonathan* 4-3686 jtrent@mail.arc.nasa.gov 239-15 SSR
Tsairides, Catherine 4-0808 tsairides@mail.arc.nasa.gov 239-4 SSX
Turk, Kendra 4-6110 kturk@mail.arc.nasa.gov 239-4 SSX
Umurhan, Orkan Mehmet 4-3950 Not Available 245-3 SST
Urquhart, Mary 4-1794 murquhart@mail.arc.nasa.gov 239-20 SST
Verma, Sunita 4-6051 sverma@mail.arc.nasa.gov 239-15 SSR
Walker, Robert* 4-4811 bwalker@mail.arc.nasa.gov 245-6 SSA
Walton, Barbara 4-6055 bwalton@mail.arc.nasa.gov 239-23 SSR
Warren-Rhodes, Kimberley 4-0489 kwarren-rhodes@mail.arc.nasa.gov 245-3 SST
Washburn, Andy 4-6913 Not Available 245-3 SST
Way, Michael* 4-5115 mway@mail.arc.nasa.gov 245-6 SSA
Webb, Richard 4-6857 rwebb@mail.arc.nasa.gov 245-6 SSA
Weber, Arthur L. 4-3226 aweber@mail.arc.nasa.gov 239-4 SSX
Weber, Esther 4-3226 eweber@mail.arc.nasa.gov 239-4 SSX
Wignarajah, Wiggi 4-5201 wwignarajah@mail.arc.nasa.gov 239-8 SSR
Wilson, Mike 4-5496 mwilson@mail.arc.nasa.gov 239-4 SSX
Wisniewski, Richard* 4-1024 rwisniewski@mail.arc.nasa.gov 239-23 SSR
Witteborn, Fred C. 4-4393 fwitteborn@mail.arc.nasa.gov 245-6 SSA
Wooden, Diane H.* 4-5522 wooden@delphinus.arc.nasa.gov 245-3 SST
Wooding, Kerry 4-1975 kwooding@mail.arc.nasa.gov 239-8 SSR
Yergovich, Steve 4-5732 syergovich@mail.arc.nasa.gov T3B-4 SSA
Young, Richard E.* 4-5521 reyoung@mail.arc.nasa.gov 245-3 SST
Zahnle, Kevin* 4-0840 kzahnle@mail.arc.nasa.gov 245-3 SST
Zent, Aaron* 4-5517 zent@mail.arc.nasa.gov 245-3 SST


